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ABSTRACT 


We have measured the brightness temperatures of Jupiter, Saturn, 
Uranus, and Neptune in the range 35- to 1000-^m. The effective 
temperatures derived from the measurements, supplemented by shorter 
wavelength Voyager data for Jupiter and Saturn, are 126.8 ± 4.5 K, 93.4 
± 3.3 K, 58,3 ± 2.0 K, and 60.3 ± 2.0 K respectively. We discuss the 
implications of the measurements for bolometnc output and for 
atmospheric structure and composition. The temperature spectrum of 
Jupiter shows a strong peak at " 350 um followed by a deep valley at “ 
450- to 500- ^m. Spectra derived from model atmospheres 
qualitatively reproduce these features but do not fit the data 
closely. 
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I . INTRODUCTION 


Far-infrared and submillimeter photometric observations of the 
giant planets have three principal types of applications: first, the 

investigation of internal sources of energy; second, the investigation 
of planetary atmospheres; and third, the establishment of convenient 
reference objects for photometry of other sources. 

The first direct measurements of the bolometnc fluxes from 
Jupiter and Saturn were the 1- to 300- ^m airborne observations made by 
Aumann, at al. (1969). They found that both planets emit substantially 
more power than they receive from the sun. However, the accuracy of 
the data was limited by uncertainties in the atmospheric transmission 
and instrumental response function over the very broad passband and the 
fact that the spectra of the planets were very different from the 
spectra of the cool stars used as calibration sources. Subsequent 
improvements in detectors and far infrared filters allowed measurements 
in narrower passbands and observations of Uranus ( Loewenstein at al. 
1977a) and Neptune (Fazio at al. (1976); Loewenstein at al. 1977b. 
Development of techniques for ground-based observations at 
submillimeter wavelengths permitted additional measurements between 300 
um and 1000 /an (Loewenstein et al, 1977a; Whitcomb at al, 1979). Most 
of this subsequent work has been calibrated using the thermal model for 
Mars derived by Neugebauer at al, (1971) from Manner data and 
elaborated and extended by Wright (1976), Wright and Odenwald (1980), 
and Simpson at al* (1981). 

The IRIS experiment on Voyager has provided absolute 
spectrophotometry at wavelengths of 4.5- to 50- ^urn of Jupiter (Hanel et 
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al . 1979) and Saturn (Hanel fit al. 1982). Erickson fit al. (1978) made 
spectroscopic observations of Jupiter at A < 100 ,im. However, their 

4 

data were calibrated against the moon, requiring a difficult correction 
for flux into the extended wings of their beam. 

The measurements presented here cover the range from 35- to 1000- ^m 

/ 

in relatively narrow bands. Roughly 50% of the total flux emitted by 
Jupiter, 65% by Saturn, and 92% by Uranus and Neptune falls within this 
range. The airborne (35- to 330- ^m) and ground-based (350- to 970- ^m) 
observations were made at approximately the same times, during a period in 
which Saturn’s rings were nearly edge-on as seen from the earth. 

The opacities of the atmospheres of the giant planets at far 
infrared and submillimeter wavelengths come primarily from featureless, 
pressure-induced absorption in Their atmospheres are probed to 

increasing depths by observations at increasing wavelengths. Although 
it is theoretically possible to derive information about the mixing 
ratios of H 2 , He and CH 4 from far infrared brightness temperatures, the 
required accuracies are probably greater than permitted by our current 
data and absolute calibration. However, trace constituents 
(particularly ammonia in Jupiter) may produce spectral features which 
are distinguishable by their effect on the shape of the spectra over 
limited wavelength intervals. 

In the follqwing sections we present the observations and 
instrumentation (II); the data reduction, including corrections, 
calibration, and planptary radii (III); the results (IV); discussion of 
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models of the individual planets (V); and a summary (VI). Certain 
details of the analysis are presented in appendices. 

:i. OBSERVATIONS AND INSTRUMENTATION 

The observations were made in ten or more wavelength bands between 

35 ym and 970 for each planet. The observations at A x 350 were 

made at the 3-m NASA Infrared Telescope Facility ( IRTF ) of the Mauna Kea 

Observatory; those at A < 350 were made with the Kuiper Airborne 

Observatory (KAO). The observations extended over the period 1979 

November to 1983 June. All the observations of Saturn were made 

between 1979 November 27 and 1980 May 7 when the ring inclination to 
o 

earth was < 1.7. 

(a) IRTF 

The IRTF data were obtained m approximately 330 individual 
observations during the period 1979 November to 1981 March. Flux 
densities were obtained m six wavelength bands from 350- to 1000-y*.m 
using the University of Chicago Submillimeter/Millimeter Photometer 
(Whitcomb, fit al . 1980). The signals were obtained by repetitive beam 
switching with a beam separation of 300 arc sec. 

Figure 1 shows the transmission curves of the filters as measured 
on a Fourier transform spectrometer. The apertures were 60 mm for the 
1 mm filter (M2) qnd 29 mjn for all submillimeter filters. (Plate scale 
" 2 "/mm). 

The measurements with the various subfnill im eter filters were made 
m a regular sequence designed to reduce errors due to changes in air 
mass. The sequence is described in Appendix C. 
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(b) KAO 


The airborne observations were made on the 91-cm telescope of the 
KAO during the period 1980 January to 1983 June. Four different helium 
cooled photometers were used: photometers Gl, SI, and HI each contained 
a single detector and photometer G2 consisted of a close packed 
hexagonal array of seven detectors ( one central detector surrounded by 
six). Filter passbands are shown in Figure 2. The filters m 
photometers Gl and G2 were identical and included both bandpass and 
long-wavelength pass filters. Filters Gl-5, Gl-6, G2-5 and G2-6 have 
short wavelength leaks of a few percent or less between 20 and 
50 j* m . These leaks require corrections up to 15% in flux ratios when 
comparing objects of significantly different temperatures. For many of 
the observations, we were able to switch in additional Teflon or 
Calcium Flouride blocking filters which rendered the leaks completely 
negligible. (See footnotes (f) and ( g ) of Table IV for specific notes 
on filters . ) 

The two water radiometers on board the KAO are described by Kuhn 
et al. (1976). For specific notes on the water vapor measurements 
during the airborne observations, refer to footnote (a) of Table IV. 

The dependence of the atmospheric transmission function upon the line 
of sight water vapor was calculated by Stier ( 1983 - private 
communication) based upon the model of Traub and Stier (1976). 

III. DATA REDUCTION 
(a) Corrections, Analysis 

The signals have been corrected for partial resolution of the 
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planetary disks (Appendix A), for shadowinq of Saturn's disk bv the 

rings (Appendix B), and for atmospheric transmission and the spectral 

response of the photometers (Appendixes C, D). The correction for 

partial resolution dees not include the effect of limb darkening; the 

effect of this simplification is estimated m Appendix A. Because the 

o 

ring inclination was less than 1.7 for all observations, no correction 

is made for emission from Saturn's rinqs. 

For the IRTF data, all signals are corrected to the same values of 

the line of sight water vapor, w, before takmq ratios of unknown to 

calibration signals (w = 1 mm H z 0 for submillimeter measurements, 5 mm 

H 0 for millimeter measurements ; see Appendix D ) . For the KAO data the 
2 

atmospheric corrections of individual measurements were much lower. 

The spectra of the unknown and calibration sources were assumed to be 
similar in qross features for A > 350 yrn, but the source spectra of 
cold and warm planets ( e . g . Neptune and Mars ) were not similar even in 
their gross features for A << 100 y*.m. It was therefore necessary to 
use different analysis procedures for the IRTF and KAO data. See 
Appendix D for a description of the IRTF data reduction and Loewenstein 
e.t al. (1977a) for the KAO procedure. 

(b) Effective Wavelength 

The detection efficiency at frequency 7/ with line of siqht water 

vapor w depends on the atmospheric transmission, T(i'.w) and on the 

spectral response of the photometer A(i^). For a source with spectrum 

th 

S (V), we define a flux weighted mean frequency for the i filter to be 
= jv Scv)A a (V) T CV t / fsev') A^cv) 

The wavelengths shown m the tables and figures are those corresponding 
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to the mean frequencies so defined (i.e. A = c /<n>} ^). 

( c ) Brightness Ratios 

Brightness ratios are calculated from the 3ignal ratios using the 
planet radii discussed in Section Ille after corrections for partial 
resolution of the disk and the inclination of the planet pole. 

(d) Calibration: Mars Model 

Temperatures are derived from the brightness ratios using Mar3 as 
the primary calibration object. The Mars temperatures are based on the 
model of Neugebauer ei al. (1971) as extended by Wnqht (1976) and 
further extended and tabulated by Wright and Odenwald ( 1980 ) and 
Odenwald ( 1984-private communication). The model predicts a decline 
in brightness temperature as the wavelength increases. We have assumed 
T(A > 350 ^/un) = T(A = 350 y*tm). The errors shown in the tables do not 
include any estimate of the uncertainty in the model. 

We do not attempt to evaluate the accuracy of the Wriqht/Odenwald 
model. We have, however, compared that model with the more detailed 
model of Simpson ai al . (1981). For the times of the observations, the 
Mars temperatures of the two models were very nearly equal for A < 80 
jn. The discrepancies are smaller than the errors we estimate for the 
measurements. At increasing wavelengths the temperatures of the 
Simpson model decrease less rapidly than those of the Wriqht/Odenwald 
model with a discrepency of “ 7 K at 300 ^m. We have assumed the 
Wriqht/Odenwald model because it is more easily generated for a qiven 
epoch and because it has been widely used as a standard. We have 
attempted to give sufficient data m the accompanying tables to allow 


8 



re-calibration when better reference models are available. 

(e) Planetary Radii 

Published direct observations of planetary radii have been made at 
different wavelengths ror the different planets and hence correspond to 
different depths in the atmospheres. The discrepencies are of order 
one percent in radius. For consistency, we use radii computed for 1 
bar pressure levels which should be approximately the mean radii for 
the far IR and SMM emission. 

For Jupiter, we use the 100-mbar values R = 71541 ± 4 km and 

eq 

r = 66896 ± 4 km of Lmdal fii al . (1981). These values were 
pol 

adjusted to the 1-bar level (Z = 46 km) with a mean of the Lindal st 

al . models (e.g. the nominal model given by Orton, 1981). For Saturn, 

we use the 182.2-mbar radius, R = 60309.5 km, and ellipticity, 6 = 

eq 

0.096, of Kliore si si. (1980) adjusted to the 1-bar level (Z = 76.6 

km) with a model approximating the preliminary results of Tyler si Si. 

13 -3 

(1982). For Uranus, we use the 8 x 10 cm (approximately 

1 L -bar) values R = 26156 + 30 km and 6 = 0.024 ± 0.003 given by 
/ eq 

Elliott si si. (1981). The adjustment to the 1-bar level (Z = 582 km) is 

based on the models of Tokunaga si Si. (1983). For Neptune, we use the 4 x 

10 13 cm 1 * 3 values R = 25225 ± 30 km and 6 = 0.021 ± 0.004 given by Elliot 
eq 

(1979), adjusted to the 1-bar level (Z = 465 km), again on the basis of the 
atmospheric models of Tokunaga si Si- (19^3). These atmospheric models for 
Uranus and Neptune, while constrained by recent infrared data in the 20 «m- 
region, imply altitude adjustments close to those derived from the 
equilibrium models of Appleby (1980) or Wallace (1980). The largest 
uncertainty m the radius adjustments for Uranus and Neptune stems from the 
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uncertainty m the mean molecular weight. We assume a bulk composition of 
90% and 10% He, consistent with the stellar occultation analyses. There 
are no firm observational constraints on the bulk compositions of Uranus or 
Neptune. A 10% change in the He mixing ratio translates into a change in 
the radius adjustment of approximately 50 km. 

With these adjustments, we obtain the assumed 1-bar radii listed 
in Table I. 

For Mars, we use the triaxial ellipsoid fit of Sweetnam, (1980) 

with a polar radius 3377.1 km and equatorial components 3393.5 km and 

1/2 

3400.0 km. We use R = (3393.5 x 3400.0) = 3397 km. 

eq 

The effective semi-diameters of the planets, 2 , shown m Tables 
II - IV, are computed from the radii m Table I taking into account the 
inclinations of the planet poles to the line of sight on the dates of 
the observations. The range of angles during the observations is shown 
for each planet m the last column of Table I . The pole coordinates 
are based on the report of Davies fit al. (1980) as presented in the 
1982 Astronomical Almanac . 

(f) Effective Temperatures 

The effective temperatures of the planets shown in Table VI were 
calculated by integrating the solid curve spectra in Figures 3-6 ( see 
next section). Thp value obtained gave the emitted power (E) within 
the 30- to 1000- «m range, Except for Jupiter, power short of 30 ^m 
was included by first estimating the temperature of the planet and 
calculating the correction assuming the spectral shape to be 
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represented by a blackbody. The temperature is then given by T = 

ef f 

1/4 

(E/cr) . Jupiter's spectrum short of 30 u.m was taken from Hanel et 
al. (1979) and combined with the Figure 3 data. 

IV. RESULTS 

The journals of the observations are given in three separate parts: 
Broadband IRTF observations (Table II), Narrower band IRTF observations 
(Table III), and KAO observations (Table IV). The brightness temperature 
measurements are combined and summarized in Table V. Since these are not 
narrow band measurements the power detected depends in part on the shape of 
the spectrum which is not known a prion . We therefore use semi-empirical 
models to estimate the shape and hence to adjust the flux densities. The 
combined results are plotted in Figures 3-6 together with curves 
representing adjustments of the semi-empirical models fitted to the data. 
The original models for Jupiter and Saturn are based on those of the 
Voyager IRIS team (e.g. Hanel at al . 1979; 1982) extrapolated from data 
taken for A <50 ^wn; the models for Uranus and Neptune are those of Tokunaga 
et al . (1983). The data were first reduced using these original models 
( dashed curves ) . The deviations of the reduced data points from the 
assumed curve were fitted by a smooth function that was then used to adjust 
the original model to minimize the deviations. When necessary, this new 
source curve was then used to re-reduce the original ratios following the 
procedure described in the appendix of Jaffe fit (1984). This procedure 
required two iterations for Jupiter, one for Saturn and Uranus, and none 
for Neptune. The final curves are shown in the figures (solid curves). 

The plotted points have been derived assuming the spectral shape of these 
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adjusted curves. It should be stressed that these curves are not unique, 


but represent only plausible spectra containing spectral features predicted 
by the atmospheric models. The adjusted models give consistent results 
when each of the giant planets is used in turn to replace Mars as the 
standard. This is a necessary condition for any valid set of models. 

The number of integrations used in measuring the airborne points was 
usually too small to permit estimates of statistical errors for individual 
points. Where errors could be estimated, they are shown m Table IV. 

Since all airborne measurements are shown in Figures 3-6, the spread can be 
used to judge the extent of systematic errors. The principal known sources 
of systematic errors for these points are uncertainties m atmospheric 
water vapor (airborne data) and uncertainty in the Mars model (all data). 

We emphasize that none of the errors shown in the tables include the 
uncertainty in the Mars reference temperatures . We assume an absolute 
accuracy of ± 15% m flux. The averages and statistical errors of the 
combined data points are tabulated m Table V. The average of the airborne 
statistical errors is 1.5 K and represents the average statistical error m 
any given airborne measurement . 

we have plotted the individual airborne flux densities and the 
combined groundbased flux densities for each planet in Figures 7 and 8, 
normalized to a fixed planetary solid angle. This representation 
affords a better feeling for the significance of the various 
observational errors. 

Recent measurements by Oregon/Queen Mary College Group ( 0/QMCG ) Orton, 
et al. 1985) in the range 350 nn to 3.3 ■ are generally in satisfactory 
agreement with our data, but somewhat lower. The difference is due in part 
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to differences in assumed Mars reference temperatures. The principal 
discrepancy is in the Jupiter data in the region 350- to 500-^, m, where our 
points are higher and show a strong peak at "350 tun followed by a valley at 
"450 This feature first appeared in measurements with filters CH3 (353 
un), CH2 (414 Jfi. m ), N04 (517^m), and CH5 (664 jm) . Although it appeared m 
each of three series of measurements on the first night of the 
observations, we decided to repeat the observations on the following night. 
Again the feature appeared in Jupiter’s spectrum (but not in those of other 
planets) in each of three series of measurements. 

For all of those measurements the lowest measured point was that 
for the cut-on filter N04 (517 ^4n). Since the effective wavelength for 
that filter depended strongly on the relative atmospheric transmission 

in the 450, 650, and 750 i<un atmospheric windows, we replaced it m 

/ 

later runs with CH4 (450 urn), a relatively narrow band filter with a 

i 

shorter effective wavelength. The effect was then even more pronounced 
(two series of measurements on each of two nights). 

In view of this sequence of observations and the fact that only 
Jupiter shows the effect we are confident that it is real. We 
emphasize, however, that a determination of the exact magnitude of the 
effect and the exact position of the minimum will require new 
measurements with narrower band filters. For the filters used in these 
observations, the results of the iterative procedure used to derive the 
flux densities from the signals depend strongly on the spectral 
response, including atmospheric effects, in regions where the 
brightness temperature of the source changes rapidly with wavelength. 
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The strong dependence on spectral response may explain or contribute to the 


discrepancy between our results for Jupiter and those of the O/QMCG which 
do not show the same structure near 400 um. We emphasize however, that 
the results are generally in good agreement. Evidently, this portion of 
Jupiter's spectrum should be re-examined with narrower passbands. 

Integrating the curves in Figures 7 and 8 and correcting for 
unmeasured flux shortward of 35 um, one derives the effective 
temperatures given in Table VT. E/A is the ratio of emitted to 
absorbed radiation. 

V. DISCUSSION 

The 30- to 1000- M-m spectral range covered by our data contains 
approximately 50% of the total flux from Jupiter, 65% from Saturn, 92% 
from Uranus, and 92% from Neptune. We are therefore able — especially 
for Uranus and Neptune — to reduce considerably the uncertainties m 
determining the effective temperatures. The implications of these 
temperatures for internal energy sources are discussed later in this 
section (§V B). 

First, however, we discuss the predictions of a number of 
theoretical atmospheric models, the details of which are presented m 
Appendix E. The model spectra are useful as first-order approximations 
in the reduction of signal ratios to brightness temperatures, as in 
Section IV, and for extrapolating to wavelengths not actually observed 
(e.g., when estimating effective temperatures). Such extrapolations 
( specifically, from the 30- to 50- Um region in which Voyager data on 
Jupiter and Saturn may be used as alternatives to the absolute 
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calibration based on Mariner measurements of Mars) can also provide a 
consistency check on our absolute calibration system. Finally, 
comparing predicted spectra with observed fluxes allows us to test the 
plausibility of certain assumptions about temperature profiles, mixing 
ratios, and cloud structure. 

A. Comparisons with Atmospheric Models 

The Voyager IRIS experiment has obtained many absolutely- 

calibrated spectra of Jupiter, including some observations of the whole 

disk, out to a wavelength of 50 am (Hanel fit al . 1979). The 

theoretical curves displayed m Figures 9-11 are all consistent with the 

Voyager results (Orton et al. 1982b). The agreement of the Voyager and KAO 

fluxes provides an independent check on the absolute calibration in the 30- 

to 50- t>m region. Figure 9 includes the spectrum of a model atmosphere 

without NH 3 ice clouds and one with NH^ clouds having a characteristic 

particle scale height (H ) equal to 0.15 times the scale height of the gas 

P 

H ). Figures 10 and 11 show spectra resulting from similar clouds with 
9 

particle scale heights equal to 0.50 and 0.05 times the gaseous scale 
height, respectively. The models are extensions of those presented by 
Orton fit al. (1982b). Although they predict that the presence of NH^ ice 
particles will decrease the brightness temperature between 300 “m and 500 
/mu, none matches the shape of the observed spectrum in detail. Hence, 
although the data suggest the presence of some source of gaseous opacity in 
Jupiter's atmosphere which is not prominent m the atmospheres of the other 
giant planets, determining its nature may require additional observations 
(in particular, measurements at higher spectral resolution which permit 
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more accurate correction for telluric absorption) and refinements in the 

theoretical models. (See discussion in §IV. ) 

Figure 12 shows spectra of models for Saturn with a PH 3 mixing 
-6 

ratio of 1.5 x 10 m the deep atmosphere, following the results of 

earlier investigations (see Appendix E). Models with larger mixing 

ratios have been included to show the influence of PH^ lines in this 

region of the spectrum. The measurements at 204.3, 221.1, and 328.9 ^m 

all appear to lie below the model spectra and could be interpreted as 

indicating that larger mixing ratios are required or that there is an 

unmodeled absorber. Since the model spectra in Fig. 12 provide 

satisfactory fits to the data throughout most of the far infrared, we 

conclude that the global average of the optical depths of the clouds cannot 

be as high as the values suggested by Orton (1983) for clouds near the 

o 

equator and near 15 S. latitude. The average depth may be reduced by 
relatively bright "clear" regions m the northern hemisphere (Pirraglia at 
al . 1981; Gautier fit al . 1983). 

Models based on the Uranian temperature profile of Tokunaga fit al . 

(1983, shown here in Fig. 13) give a reasonable fit to our data. The 

differences in the temperature near and below the 1-bar pressure level 

are a direct consequence of various assumptions about the mixing ratio 

of CH m the deep atmosphere ( see Appendix E ) . The submillimeter 
4 

fluxes are sensitive to the CH 3 mixing ratio because of the pronounced 
effects of the latent heat of condensation on the adiabat for large 
abundances . 

The temperature structure assumed for Neptune (Fig. 15) resulted 
from perturbing the models which Tokunaga fit al . (1983) based on the 
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results of Appleby (1980), in order to achieve the best fit to our 
data. The required temperatures at the 300- to 500- t<m bar level are 
one to two degrees coc ier than assumed by Tokunaga fit fil • Among the 
model spectra shown m Figure 14 and Figure 16, the ones with the 
lowest CH^ abundance provide the best fit to the observations across 
the entire spectral range ( although this statement is based almost 
exclusively on the single data point at 960 k m in the case of Neptune). 
Data from the O/QMCG will provide additional constraints near 1 mm. 

Our submillimeter data suggest a [C]/[H] elemental abundance ratio near 
or below Jovian or solar values (Orton, fit fil. 1985). The models 



et fil. (1983). All of the model temperatures are cooler than those 
given by the observations of Orton fit fil. (1983) at 10.3, 11.6, and 


12.5 tun, which is consistent with their interpretation that part of the 

flux in this spectral region is reflected sunlight. The greatest 

difficulty associated with the Uranus and Neptune models is the 

divergence between the high brightness temperatures which they predict 

at 3mm ( for low CH abundances ) and the much lower observed 

4 

temperatures (e.g., Ulich 1981) which would appear to be better matched 

by the 2% CH model. This is, of course, the spectral region for which 
4 

the Martian brightness temperatures upon which the absolute calibration 
of the submillimeter photometry is based are most uncertain. However, 

the 960 urn fluxes fop Jupiter and Saturn are not excessively high. 

/ 

B. Effective Temperatures 

The thermal energy fluxes of Jupiter and Saturn due to internal 
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sources of heat are equal to 1.8 and 1.7 times the solar input, lower 
than previous values. The decrease is due to the use of more recent 
estimates of the Bond albedos (see Table VI). For Jupiter, the value 
is consistent with an interpretation in which all of the excess power 
is supplied by gravitational contraction and heat stored from the 
original contraction of the planet from the solar nebula ( Graboske at 
sU.. 1975; Bodenheimer at al . 1980). Saturn, however, requires an 
additional source of energy which can most plausibly be provided by 
differentiation of helium within the interior (e.g. Stevenson 1980). 

The effective temperature which we derive for Uranus is similar to 
the previous estimates by Fazio at al . (1976), Loewenstein at al . 
(1977b), and Stier at al. (1978). There is no indication of a change 
over this period of time. Lockwood at al. (1983) have derived Bond 
albedos of 0.342±0.032 for the 1962 epoch and 0.393±0.037 for the 1981 
epoch. From these values, one would predict equilibrium temperatures 
of 57 . 0+0 . 8 K and 55 . 8+1 . 0 K, respectively. Recent preliminary work 
has been done to remeasure the geometric albedo (Neff at al- 1984). 

This work extends measurements of the phase function of the planetary 
disk to high angles via the Voyager spacecraft Imaging Subsystem 
experiment (Wenkert at al. 1984), and combines these with atmospheric 
cloud models which provide reasonable extrapolations to high phase 
angles in the full spectral range of relevance (Pollack at al. 1984). 
The derived Bond albedo is in the range 0.31 and 0.42, implying an 
equilibrium temperature of 56.4±1.2 K. There is sufficient overlap in 
the uncertainties of absorbed and emitted energy to support the absence 
of an internal heat source or one as large as 40% of the absorbed solar 
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energy . 


Our new effective temperature for Neptune (60.3+2.0 K) is larger 
than the earlier values of Loewenstem at al. (1977b; 55.5+2.3 K) and 
Stier at al. (1978; 58.5+2 K). Newburn and Gulkis (1973) suggest a 
Bond albedo for Neptune which is approximately the same as for Uranus, 
based on the similarity of their spectra. Murphy and Trafton (1974) 
recommend a similar value. Albedos of 0.33 or 0.34 imply an 
equilibrium temperature of about 45 K. As in the case of Uranus, more 
recent preliminary work has been done on the geometric albedo (Neff at 
al. 1984), but only limited observations have been made of the phase 
function (Wenkert at al . 1984). As of this writing atmospheric cloud 
models (Pollack at al. 1984) are still very pnmative. Assuming the 
same phase integral as for Uranus, we estimate the Bond albedo of 
Neptune to be about 0.29, implying an effective temperature of 46.4 K. 
The uncertainty is probably about the same as for the temperature of 
Uranus. Our data thus imply an internal power source for Neptune 
approximately 2.8 times larger than the absorbed solar flux. Although 
this value is significantly larger than the limit for Uranus, Hubbard 
and MacFarlane (1980) have pointed out that it is still less than 
expected on the basis of homogeneous cooling from an initial hot state, 
and they postulate that the available fos3il heat was reduced during 
its evolutionary history by upward redistribution of heavier materials . 

VI. SUMMARY 

We have presented new photometric data on the giant planets 
covering the range 30- to 1000— urn. The data permit a more accurate 
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determinations of effective temperatures than earlier studies with 
broader filters, more limited data sets, and less complete spectral 
coverage. Our results are generally consistent with previous work, and 
ma^or conclusions regarding internal heat sources are unchanged. 

It is relatively easy to fit a range of reasonable atmospheric 
models to our data in the 30- to 100- £<.m wavelength range. Fluxes at 
longer wavelengths are sensitive to a number of parameters, such as the 
presence of NH^ ice particles in Jupiter's atmosphere and the CH^ 
mixing ratio in Uranus and Neptune, but to discriminate between models, 
from moderate-bandwidth photometry would require accurate absolute 
calibration. Since no direct absolute calibration is available in the 

100- to 1000- urn spectral range, any conclusions about atmospheric 

/ 

structure from current submillimeter data should be regarded as 
tentative. With that caveat, we can make the following observations: 

(1) Our data indicate the presence in Jupiter's spectrum of excess 

emission (compared to theoretical models) at 300-400 km, followed by a 

/ 

pronounced dip at "500 /*m. Additional measurements with higher spectral 
resolution would be desireable. The observations of the o/QMCG will 
provide additional data m the SMM region and will extend to longer 
wavelengths . 

(2) There is slightly less flux observed from Saturn at "200 km than 
predicted by our atmospheric models, suggesting the possible presence 
of an unmodelled absorber. 

(3) The submillimeter fluxes from Uranus and Neptune seem most 
consistent with low mixing ratios (<1%) of CH^ m their deep 
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atmospheres . 
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APPENDIX A 


Partial Resolution of the Planetary Disk 

In some cases, especially the observations of Jupiter, the anqular 
radius of the planet is appreciable m comparison with the beam radius. 
It is therefore necessary to correct the observed siqnals for partial 
resolution of the disk, i.e. for a decrease in detection efficiency 
with increasing displacement from the optic axis. The normalized scans 
of Mars give the efficiencies, E (fi). as a function of the displacement, 
>f> . To good approximation these scans can be fitted bv gaussians. 

For a planet of angular radius in which the briqhtness is a function 
b (cC) of the emission angle <* = arc sin (0/.#), the disk correction is 
4 $ 

DC£)=$ q /J^ E(^bfe)ft-0d^ , (Al). 

i.e., if s = observed signal, then D(£)S = signal which would be 
observed for a planet of the same luminosity and the same b(«0» but 
with & o. 

We have used the assumption b(&0 =» constant to obtain the 
corrections shown in Tables II and VI. As an indication of the 
sensitivity of D(jf) to b (oc) we have used the 45^Um (Pioneer 10 and 11) 
values of b(«i) determined for Jupiter by Inqersoll et al (1976). We 
have made fits of smooth curves to their measured values averaged over 
five zones of latitude. The difference between the corrections for 
b(«.) = constant and for b(ck) based on Inqersoll et al (1976) is 
negligible in comparison with our estimate of the error (10%) m D(<f)-1 
due to uncertainties in E($). 


22 



APPENDIX B - EFFECT OF SATURNS RINGS 


Voyager 2 measured the temperatures of the A and C rings of Saturn 

to be 69 K and 85 K respectively (Hanel at al, 1982). At the 

o 

encounter, the ring inclination to the sun was 8 . At the time of our 

o 

observations the ring inclination angle to the sun was < ± 1 . Because of 

the low inclination we assume that the ring temperature would be 

significantly less than the temperatures measured by Voyager. In this 

case, the dominant effect of the rings would be to block the emission from 

o 

the disk. Since the ring inclination to earth was always less than 1.7 
during our observations, the greatest reduction in the effective disk area 
would be 1.5%. The correction is much lower for A > 300 /<m. 

APPENDIX C - SEQUENCE OF GROUND-BASED MEASUREMENTS 
The individual observations used m the IRTF investigations 
followed a regular pattern. Consider, for example, a series of 
observations of Mars, Jupiter and Saturn using the submillimeter 
filters CH2 (broadband), and CH3, CH4, CH5 (narrower band). We use M2, 

J3 , etc. to denote observations of Mars with filter CH2, Jupiter with 
filter CH3 , etc. and S(M2), S(M3) etc. to denote the corresponding 
signals . 

A single series would proceed in the order M2, M3, M4, M5, M2, J2, 

J3 , J4, J5 , J2 , S2 , S3, S4, S5, S2, and the entire series would be 
repeated at least once and usually twice. Note that filter CH2 was 
used before and after the other filters on each planet. It usually 
took less than 10 minutes to complete the five successive counts on a 
single planet. The corresponding change in air mass was usually < 0 CS. 
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Hence corrections for changes m air mass within the set of five 
counts were almost negligible. In computing ratios of counts such as 
S( M3 )/S( M2 ) for one series we simply interpolated linearly by air mass 
between the S(M2) values at the beginning and the end of the series to 
find a value for the air mass corresponding to M3 . 

The time between the first and second series for a given planet was 
approximately 45 minutes . The corresponding change in air mass , 
typically “ 0.15, was usually enough to cause a small but measureable 
change in a signal ratio such as S(M3)/S(M2). Insofar as possible, the 
observations were timed to give equal air masses for each of the 
planets when averaged over all observations for one night . 

APPENDIX D - ANALYSIS OF IRTF DATA 
( 1 ) Broadband Data 

The counts obtained with the broadband filters CH2 and MP2 are 
insensitive to fine structure in the source spectra, they have high 
statistical accuracy, and they have been repeated often enough to 
provide well-sampled signal vs . air mass curves . We use these counts 
to derive brightness ratios for the various planets, and to provide 
reference points in deriving the shapes of the individual spectra 
(Section 2). 

The steps in the analysis of the broadband data are as follows : 

(i) Plot the signals vs. air mass for each planet for each night. 

Discard all data on nights when the curves indicate a change in 
water vapor. 

(n) To those plots, fit the water vapor curves to estimate the 
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zenith water vapor. 


(m) Adjust all the data for a given night to a common lme-of- 
sight water vapor. 

(iv) Combine the adjusted values weighting individual counts 

according to their noise values, using the nominal errors or the 
mean error, whichever is larger. 

(v) Make a Chi-Squared test of the N adjusted values and increase 

2 1/2 

the error of the combined result by (£/N) if the reduced chi 
squared is >1. 

(vi) calculate the ratios of the averages <S( J2 )>/<S(M2 )> etc. 

where the counts in the denominators are for the reference 
planet (Mars, or, where necessary, an intermediate standard), 

(vii) Multiply the ratios by the disk correction factors shown m 
Tables II and IV and by the ratios of planetary solid angles 
to obtain global surface brightness ratios B( J2 )/B( M2 ) etc . 

For the range of water vapor of these measurements, the 
brightness ratios for these filters on different nights are 
in satisfactory agreement and show no dependence on zenith 
water vapor: the expected result for the broadband data, 
whatever the fine structure, if overall the planets have 
roughly Rayleigh-Jeans spectra withm the passbands of the 
filters ( as assumed in preparing the water vapor curves ) . 

(viii) Assume a brightness temperature for the reference planet for 
the date of the observation and calculate a brightness 
temperature for the "unknqwn" planet. 

(ix) Combine the brightness temperatures for the various nights 
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with weighting and chi-squared tests as in steps ( iv ) and 


( v ) . We assume no change in giant planet temperatures during 
the period of the observations . No change is indicated by 
the results. 


( 2 ) Narrower Band Data 

In principle, the procedure we have described for the broadband 

data could be used also to find the signal ratios S(J3)/S(M3) etc. and 

hence the brightness temperatures for the narrower bands. However, the 

errors in determining the relative brightnesses in the various 

passbands for a single planet are reduced by the following procedure: 

( 1 ) Calculate [S(M3 )/S(M2 )] , [S( J4 )/S( J2 ) ] , etc., where 

w w 

w = line of sight water vapor for a particular measurement of 

S( M3 ) , S(J4), etc. and S(M2) , S(J2) , etc. are the values 

w w 

of the broadband signals interpolated to the same values of 

w. These ratios are not independent of w; e.g. S3/S2 

decreases and S5/S2 increases with increasing w. Typically, 

the change from one series to the next is 3-10%. 

(n) Adjust the ratios for successive series to a common value, 

w , using empirically determined corrections (linear in w) based 
o 

on the cjata for all runs. The ratios thus determined agree 

within statistics. For the submillimeter data (filters CH2 , 

CH3 , N4, CH4, and CH5 ) we choose w =1 mm. The range of 

o 

values is 0.3 s. w s. 1.5 mm. For the millimeter data 

(filters MP2 and MP4) we choose w = 5 mm. The range of 

o 

values is 3.4 ± w <. 6.4 mm. 
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(m) Combine the adjusted values to obtain <S(M3 )/S(M2 )> 

w 

<S( J4)/S( J2)> etc. with weighting and chi-squared tests as 

w 

discussed m section 1. 

( iv ) Calculate brightness ratios relative to the calibration 
object (Mars) using the relationships 

B(J3)/B(M3) =» [B( J2 )/B( M2 ) ]/[ <S( J3 )/S( J2 ) > /<S( M3 )/S( M2 )> ] 

w w 

etc. and using the values of B(J2)/B(M2) etc. as discussed in 

section 1. Note that if the small adjustments of step ( 11 ) are 

correct, then the value of w will not influence the calculated 

o 

value of B(J3)/B(M3) etc. The effective wavelength is 

slightly dependent on w but the dependence is much weaker 

o 

than for the broadband filters. 

(v) Calculate brightness temperatures. 
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APPENDIX E 


Details of Atmospheric Models 

Synthetic spectra of Jupiter and Saturn were computed from 
physical models with 10 cm 1 wide ( "flat" ) elements centered at 99 
through 499 cm 1 and 5 cm 1 wide elements centered at 34 through 
99 cm 1 for the airborne observations, and 2.5 cm 1 wide elements at 
9.0 through 34.0 cm 1 for the ground-based observations. This approach 
allowed absorption features such as the manifolds of NH^ rotation- 
inversion lines to be resolved. 

The opacity of the Jovian atmosphere is dominated by H and NH^ m 

the 40 ^m - 1 mm region. The collision-induced dipole absorption 

was calculated using recent models derived for a variety of colliding 

species: H -CH according to Dore fit fil. (1933), H -He according to 
2 4 2 

Cohen fit al. (1985). Absorption by NH^ was calculated using direct 
integration of inversion and rotation-inversion lines whose 
spectroscopic parameters are summarized by Husson fit al. (1982), based 
on Husson fit al* (1981). Additional gaseous absorption by PH 3 and CO 
was modelled using line parameters given by Hussonfit al. (1982). 

The radiative transfer calculations were performed using the 
matrix operator algorithm of Grant and Hunt ( 1969 ) in a multiple— layer 
approximation which used twenty homogeneous layers per decade of 
pressure change to simulate the gradual change of atmospheric 
properties with altitude. Direct integration of line absorption was 
performed using the method of Scott (1974) as modified by Orton (1981). 

The temperature structure of Jupiter used m the calculations was 
adopted from the neutral atmosphere inversion of the Voyager Radio 
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Subsystem (RSS) occultation experiments (Lmdal fit al. 1981), assuming 

respective molar fractions of 89% and 11% for H 2 and He (Gautier fit al. 

—4 

1981). Ammonia was assumed to have a molar mixing ratio of 2.2 x 10 

in the deep atmosphere (Lindal fit fil. 1981) with depletion of higher 

levels owing to saturation equilibrium and photochemical destruction as 

modelled by Orton fit al. (1982a). The vertical distribution of PH 3 was 

-7 

represented by a maximum mixing ratio of 6 x 10 with a gradual 

depletion with altitude above the 1 bar level, following the profile 

derived by Kunde fit al. (1982) from Voyager IRIS spectra. A constant 

-9 

CO mixing ratio of 2.5 x 10 was assumed, an average of the 

approximate results of Beer (1975) and Larson fit al. (1978). We note 

that the influence of PH and CO lines on the spectrum in 10.0 cm 1 

through 2.5 cm 1 resolution elements appeared to be small. 

The temperature structure of Saturn used in the calculations was 

derived from the results of the planet-wide averaged temperature 

structure determined from the Voyager IRIS data given by Hanel fit al. 

(1983), with temperatures deeper than 350 mbars derived from the 

preliminary neutral atmosphere inversion of the Voyager IRIS 

occultation experiment (Tyler fit al. 1982) after adjustment of the bulk 

composition to 93% H 2 and 7% He (Gautier fit al. 1983). Ammonia was 

-4 

assumed to have a molar mixing ratio of 2 x 10 in the deep 

-4 

atmosphere. An alternative value of 5 x 10 was tested, following 
models limits given by Klein fit al (1978), and was found to affect our 
spectra negligibly. Depletion of NH 3 at high levels followed 
saturation equilibrium. A simple model for the vertical distribution 
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of PH 3 was used: a constant mixing ratio of 1.5 x 10 6 , roughly 

consistent with the results of Tokunaga fit al. (1980) and Courtm e± 

al . (1981), with a cutoff near the base of the stratosphere. We 

discovered that the presence or absence of stratospheric PH 3 was not 

significant for our calculations. For consistency with Jupiter, we 

-9 

assumed a constant CO mixing ratio of 2.5 x 10 , although its 

influence on our calculations of the Saturnian spectrum was extremely 

small, (as was the case for Jupiter.) 

We also tested various physical models for NH 3 ice clouds in the 

Jovian atmosphere following the general scheme used by Orton fit al. 

(1982b). The particles are characterized by a mode radius which is 

left a free parameter, a 10% variance m the particle size 

distribution, and a scattering phase function taken from fitting the 

NH 3 particle phase function observed in the laboratory with visible 

light (Holmes, 1981; Holmes fit al., 1980) using the Pollack and Cuzzi 

(1980) semi-empirical algorithm for irregularly-shaped particles. No 

cloud particles were assumed higher than the 100-mbar temperature 

minimum or deeper than the 630-mbar saturation level. The vertical 

distribution was parameterized by particle scale height to gas scale 

height ratios, H /H , of 0.50, 0.15 and 0.05. Indices of refraction 

P g 

for NH ice were taken from Martonchik fit al. (1983) which are based 
3 

primarily on the absorption measurements of Sill fit al. (1980). For 
very low frequencies absorption was extrapolated exponentially downward 
with decreasing frequency, consistent with the lowest available 
frequency measurements of Sill fit al. This treatment ignores possible 
phonon absorptions, such as occur in water ice (e.g. Mishima fit al.. 
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1983), owing to the absence of relevant laboratory data, other 
restrictions on the particle size and vertical scale height determined 
by Orton fit al. ( 1982h ) were also observed. As discussed in the main 
text, physical models for clouds in the Saturnian atmosphere were not 
invoked . 

The 35- to 100— )• m spectra of Uranus and Neptune are expected to 
be dominated by the collision- induced absorption of , and the 
comparison with model spectra tend to support this view. At this time, 
there is no evidence to suggest that non-continuous features should be 
present in the spectrum. For Uranus (and Neptune) the low temperatures 
eliminate NH^ at detectable levels, unless present in abundances 
exceeding saturation equilibrium by many orders of magnitude. 

Phosphene should also be depleted by saturation equilibrium, although 
not as much as ammonia. Although carbon monoxide may not be depleted 
by a similar process, its influence on the measurements should be very 
small if its mixing ratios in Uranus and Neptune are similar to 
Jupiter. We therefore assumed that the spectrum could be described 
well by the continuum due to H 2 . Thus, direct comparisons between the 
computed spectrum and the brightness temperatures given in Table II at 
various wavelengths are physically meaningful. 

For the temperature structures for Uranu3 and Neptune, we followed 
a procedure adopted by Orton fit al . (1983) which examines existing 
models by Tokunaga fit al. (1982). Their temperature structures are 
partially based on radiative-convective equilibrium models of Appleby 
(1980) and are constrained to match 17.8 and 19.6 ^«.m observations. 
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The temperature structures characterizing their models were perturbed 
in a way which optimized the fit to our data between 40 and 100 ^un. 

As a baseline composition, we assumed a mixing ratio of 90% for 

H , close to those for Jupiter and Saturn. The remainder was assumed 

to be composed of He and CH^. CH^ influences the thermal spectrum in 

two ways. First, CH collisions with H change the H collision- 

4 2 2 

induced dipole absorption spectrum for that produced by H 2 or He 
collisions. Second, CH^ condensation in the upper troposphere lowers 
the dry adiabatic lapse rate via latent heat (e.g. Eq. 3 of Wallace, 
1980 ) . The extent of this wet adiabat is controlled by the amount of 
CH 4 in the deep, uncondensed atmosphere. Three values for this mixing 
ratio were tested: 0.2%, 2% and 4%. The first is close to the Jovian 
value (Gautier al. 1982), the second is an arbitrary "intermediate” 
value, and the last is a value recommended by Baines (1983). Values as 
high as 10% have been suggested for Uranus (Danielson, 1977), but these 
were judged by Orton al. (1983) to be unlikely. 

The approximate agreement between the shape of the model spectra 
of Uranus and Neptune and the data argues that the compositional 
assumptions implicit in the model are not unreasonable. The data m 
the 10- to 12- ^m regions could be fitted better by thermal emission 
alone if the molar fraction of He were increased substantially (e.g. to 
50%), but this is considered unlikely. Increasing the He mixing ratio 
substantially from the values used in the models tends to supress the 
H 2 rotational features at 16 and 27 ^m, flatten the brightness 
temperature spectrum between 40 and 100 ^m, and increase the rise in 
the brightness temperature toward longer wavelengths. The slow 
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variation of temperature with altitude, combined with the limited data 

set make it impossible to determine a trustworthy value for the He 

mixinq ratio at this time, as m Gautier fit al. (1981) for the Voyaqer 

IRIS spectra of Jupiter. On the other hand, it is clear that the 

immediate effect of replacinq a substantial portion of the equilibrium 

H 2 by normal H 2 in the model is to increase the absorption in the 100 - 

to 200— ^*m range relative to shorter wavelengths, making it much more 

difficult to fit both spectral regions simultaneously. 

Some caution is warranted at this point. First, we are extending 

the models for H 2 collision-induced absorption well below the lowest 

temperature at which measurements have been made (cf. Dore fit al. 

1983), and the uncertainty involved in such an extrapolation is 

difficult to estimate. Other changes m the shape of the qeneral 

continuum would take place under the influence of clouds in the 

atmosphere if the particle size were sufficiently large, as may occur 

m the atmosphere of Jupiter with MH^ ice particles (Orton fit al. 

1982). Finally, changes in the He mixing ratio or the addition of 

normal-H to equilibrium-H in the model would chanqe the effective 
2 2 

specific heat of the atmosphere and influence the temperature lapse 

rate m the convective (adiabatic) part of the atmosphere for pressures 

greater than about 400 mbar. Such changes would influence the 

brightness temperature increase for wavelengths of about 200 *un and 

above and complicate the simple association we have presented between 

the brightness temperatures in the submillimeter and the mixinq ratio 

of CH in the deep atmosphere. 

4 
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FIGURE CAPTIONS 


Figure 1: Transmission curves of the IRTF filters. The curves are labeled 

with the filter names used in the tables. 

Figure 2 : Transmission curves of the KAO filters. The curves are labeled 

with the filter names used in the tables . 

Figure 3: The brightness temperature of Jupiter from KAO (circles) and 

IRTF (triangles). The dashed curve represents an initially assumed 
spectrum from which the solid curve was derived using an iterative 
procedure . 

Numbers m parentheses indicate the number of data points occunng 
at that coordinate . 

Errors are shown for the IRTF data, and are the statistical 
standard deviation of all measurements at that wavelength. No errors 
are shown for the KAO data, since statistical errors are small compared 
to systematic effects; instead, each measurement is plotted. The 
spread can be used to ]udge the extent of systematic errors . 

Figure 4: The brightness temperature of Saturn. See Figure 3 caption. 

Figure 5; The brightness temperature of Uranus. See Figure 3 caption. 

Figure 6; The brightness temperature of Neptune. See Figure 3 
caption . 

Figure 7; Flux densities of Jupiter and Saturn. The curves correspond 

to the final derived (solid) curves m Figures 3 and 4. The individual 

data points are adjusted to a fixed planetary solid angle, and errors 
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shown are the standard deviation of the mean of the values of all 
observations at that wavelength. 

Figure 8: Flux densities of Uranus and Neptune. The curves correspond 
to the final derived (solid) curves m Figures 5 and 6. See Figure 7 
caption . 

Figure 9: Spectra of Jupiter for models with no NH^ cloud (upper 

curve), and for a cloud with a ratio of particle to gas scale heights 

H^/H = 0.15 and particle sizes of 30 /<m (middle curve) and 100 

( lower curve ) . The spectra are computed with resolution element of 10 

cm 1 through 100 (100 cm 1 ), 5 cm 1 between 100 and ZOO^mf 50-100 

cm 1 ) and 2.5 cm 1 between 200/im and 1 mm (10-40 cm 1 ) . The spectrum 

at short wavelengths is taken from whole-disk Voyager IRIS average of 

Hanel fit aJL. (1981). Tic marks in the upper graph denote the positions 

of strong lines or manifolds of NH and PH . 

3 3 

Figure 10: Spectra of Jupiter for models with H^/H^ = 0-50 and 

particle sizes of 10yw.m (upper curve) and lOO^m (lower curve). Other 
symbols are shown as m Fig. 9. 

Figure 11: Spectra of Jupiter for models with H^/H^ = 0.05 and 

particle sizes of 10 ^tm (upper curve) and 100^** m (lower curve), other 
symbols are shown as in Fig. 9. 

Figure 12: Spectra of Saturn for models with various PH^ mixing 

ratios. The curves represent spectra of models with the mixing ratio 

-6 -6 

of PH 3 equal to 1.5 x 10 (upper curve), 3 x 10 (middle curve) and 1 
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-5 

x 10 (lower curve). The mixing ratio of NH 3 in the deep atmosphere 
-4 

equals 2 x 10 . Spectra are computed with resolution elements as 

given in Fig. 9. Tic aarks in the upper graph have the same meaning as 
in Fig. 9. 

Figure 13: Temperature structures of Uranus used in the models for a 

90% mixing ratio of Each is a perturbation of the profile given by 

Tokunaga fit al* (1982) which is nearly identical to the structures shown 
above the adiabatic region. The difference in temperature structures in 
the troposphere is the result of different wet adiabatic lapse rates 
associated with a variety of CH^ mixing ratios in the deep atmosphere as 
shown . 

Figure 14: Spectra of Uranus for 90% derived from the temperature 

structures shown in Fig. 13. Only the absorption of the collision- 
induced dipole of is considered in the models. Our data are 
shown by the filled circles. The 2% and 4% CH^ spectra are 
indistinguishable at this scale near 50 m. From 10.3 to 19.6 m, the 
observations of Tokunaga fit al. (1983) and Orton fit al* (1983) are also 
shown as filled circles . 

Figure 15: Temperature structures of Neptune used m the models for a 

90% mixing ratio of Each is a perturbation of the profile given by 

Tokunaga fit al. (1983), optimized to provide a best fit to our data 
between 40 and 100 m. The difference in tropospheric temperatures 
arises for the same reasons as for Uranus (Fig. 13). 
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Figure 16 : Spectra of Neptune for 90% derived from the temperature 

structures shown in Figure 15 . Only the absorption of the collision- 

induced H dipole is considered in the models. The 2% and 4% CH 
2 4 

spectra are indistinguishable at this scale near 50 ^km. From 10. 3- to 
19.6yun, the observations of Tokunaga fit al. (1983) and Orton at al . 
(1983) are also shown as filled circles. 
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TABLE I 


ASSUMED PLANETARY RADII ( 1-bar ) a 


Planet 

Equatorial Radius 

R on 
, ea , 

(km) 

El lipticity b 

Pole Inclination 
min max 

Mars 

3397 

0.006 

111° - 115° 

Jupiter 

71495 

0.065 

0 

cn 

CO 

i 

o 

CO 

Saturn 

• 60233 

0.096 

88° - 92° 

Uranus 

25563 

0.024 

19° - 27° 

Neptune 

24760- 

0.021 

69° - 71° 


a See Section III for references. 

b c * (R eq - Rp)/^ e q where R e ^ and R p are the equatorial 
and polar radii. 

c Range of angles between the planet pole and the line of 
sight during the observation. 
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TABLE II 

JOURNAL OF OBSERVATIONS BROADBAND DATA 


(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (IS) (16) 


Line Planet Date Filter t.o.s. Zenith x a Signal ratio Serai- Finite disk Brightness Planet 

H 2 0 H 2 0 diameter b correction*- ratio” temperature 


a b w(a) w(b) S(a)/S(b) 4(a) 4(a) 0(a) 0(b) B(a)/B(b) T(b) e T(a)' 





(UT) 


(mm) 

(mm) 

(mm) 

(pm) 



(arc 

sec) 






(K) 





(k) 

1 

Jup 

Mars 

1979 Nov 

27 

CH2 

1.1 

1.2 

1.0 

418 

14.23 i 

0.18 

17.78 

3.66 

1.185 

1 006 

0.710 

i 

0.009 

213 



155.9 

* 

1.8 

2 

Jup 

Mars 

1979 Nov 

28 

CH2 

1.4 

1.4 

1.2 

428 

13.97 i 

0.17 

17.83 

3.69 

1.186 

1.006 

0.705 

t 

0.009 

213 



154.8 

i 

1.8 

3 

Jup 

Mars 

1980 Feb 

21 

CH2 

0.9 

0.9 

0.7 

411 

5.36 i 

0.38 

21.64 

6.86 

1.306 

1.020 

0.690 

1 

0.049 

213.5 



152.4 

+ 

9.7 


Jup 




CH2 

















155.3 

T 

“oy 

4 

Jup 

Mars 

1980 May 

23 

MP2 

4.5 

4.4 

2.7 

952 

19.34 t 

1.82 

17.89 

3.89 

1.030 

1.000 

0.942 

t 

0.089 

199 



187.9 

t 

17 1 

5 

Jup 

Mars 

1980 May 

25 

MP2 

5.9 

5.9 

4.5 

992 

17.82 i 

1.16 

17.79 

3.83 

1.029 

1.000 

0.850 

i 

0 056 

199 



170.2 


1U 7 


Jup 




MP2 

















175.1 

t 

10. tlU 

6 

Sat 

Mars 

1979 Nov 

27 

CH2 

1.2 

1.2 

1.0 

421 

2.52 t 

0.03 

8.12 

3.66 

1.032 

1.006 

0.525 

t 

0.006 

213 



119.4 

t 

1.2 

7 

Sat 

Mars 

1979 Nov 

28 

CH2 

1.4 

1.4 

1.2 

428 

2.50 i 

0.04 

8.13 

3.69 

1.031 

1.009 

0.526 

1 

0.009 

213 



119.5 

i 

1.8 

8 

Sat 

Mars 

1980 Feb 

21 

CH2 

0.8 

0.9 

0.7 

410 

0.843 t 

0.065 

9.27 

6.86 

1.042 

1.020 

0.471 

1 

0.037 

213.5 



109.1 

_t_ 

7 3 


Sat 




CH2 

















119.2 

i 

1.29 

9 

Sat 

Mars 

1980 May 

23 

MP2 

3.4 

4.4 

2.7 

936 

3.33 i 

0.17 

8.68 

3.89 

1.006 

1.000 

0.673 

t 

0.035 

199 



136.4 

t 

6.7 

10 

Sat 

Ma rs 

1980 May 

25 

MP2 

5.4 

5.9 

4.5 

986 

3.35 t 

0.10 

8.65 

3.83 

1.007 

1.000 

0.661 

i 

0.019 

199 



133.9 

_±_ 

3.6 

■O 

00 

Sat 




MP2 

















134'. 5 

i 

"1729 

11 

Ur 

Jup 

1981 Mar 

1 

CH2 

0.4 

0.4 

0.3 

394 

(4.047 i 

0. 062 ) 10 -3 

1.89 

20.93 

1.000 

1.280 

0.388 

i 

0.006 

155.3 

t 

1.3 

70.1 

i 

1.3 

12 

Ur 

Mars 

1980 May 

23 

MP2 

3.5 

4.4 

2.7 

937 

0.130 ± 

0.020 

1.98 

3.89 

1.000 

1.000 

0.502 

t 

0.077 

199 



103.6 

t 

14.8 

13 

Ur 

Sat 

1980 May 

24 

MP2 

6.8 

8.5 

5.3 

1020 

0.03B 1 

0.002 

1.98 

8.66 

1.000 

1 007 

0. 722 

i 

0.038 

134.5 

i 

3.2 

99.0 

i 

5.3 

14 

Ur 

Mars 

1980 May 

25 

MP2 

6.3 

5.9 

4.5 

997 

0.129 i 

0.011 

1.98 

3.83 

1.000 

1.000 

0.483 

t 

0.041 

199 



99.7 

t 

7.9 

15 

Ur 

Mars 

1980 Jul 

28 

MP2 

8.4 

8.4 

6.4 

1012 

0.209 ± 

0.007 

1.91 

2.76 

1.000 

1.000 

0.436 

t 

0.014 

203 



92.4 


2.7 























94.5 

t 

“Zjy 

16 

Nept 

Jup 

1981 Mar 

1 

CH2 

0.4 

0.4 

0.3 

394 

(1.340 ± 0.023J10" 3 

1.11 

20.93 

1.000 

1.280 

0.372 

i 

0.006 

155.3 

t 

1.3 

67.9 

t 

1.2 

17 

Nept 

Or 

1980 Jul 

27 

MP2 

5.8 

6.2 

4.3 

995 

0.352 t 

0.050 

1.15 

1.91 

1.000 

1.000 

0.971 

t 

0 138 

98.5 

t 

2.3 

92.0 

t 

12.1 

18 

Nept 

Mars 

1980 Jul 

28 

MP2 

9.0 

8.4 

6.4 

1015 

0.086 i 

0.008 

1.14 

2.76 

1.000 

1.000 

0.504 

t 

0.047 

203 



105.7 

t 

9.2 

19 

Nept 

Mars 

1980 Jul 

31 

MP2 

6.6 

5.8 

4.4 

1000 

0.112 t 

0.023 

1.14 

2.73 

1.000 

1.000 

0.642 i 

0.133 

203.5 



133.1 

_i_ 

26.1 


Nept 


* 


MP2 

















103.0 

t 

7.29 


a jwavelength corresponding to effective frequency as given in equation (2) of text, for water vapor * » [w(a) + w(b)]. See footnote f. 
“'Based on assumed radii shown in Table IV. 
c ;From Figure 2, see section 1 1 a . , 

d B(a)/B(b) = [S(a)/S(b)][»(b)/*(a)]‘[D(a)/D(b)] 

“'Mars temperatures based on Wright's model (1980) assuming no wavelength dependence for X > 350 pm. Other temperatures from Table V. 
''For filters CH2 and MP2, T ( a ) is insensitive to X (column 8) and hence to w(a) and w(b) (columns 5 and 6). 

9'Average of values for same planet and filter. 
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JOURNAL OF OBSERVATIONS: NARROWER BAND DATA 


v I! ,21 (3) (4) (5) (6) (7) (3) (9) 


./ne 

Planet 


Date 


Filters 4 

S(ax)/S(av) 0 

SI'bxVSlbTT 

B( ay) / 8( by ) c 

B(ax)/B(bx) d 

T(bx) 1 

2 


T(ax) 


a 

D 


(UT) 


X 

S 


t 


s . 

t 

(0 




W 


JuD 

Mars 

1979 

Nov 

27 

CH3 

1 .025 t 0 .040 

0.710 

t 0.009 

0.727 


0.030 

213 



160 .0 

t 5.3 

2 

gUp 

Mars 

1979 

Nov 

23 

CH3 

1 .088 t 0.018 

0.705 

i 0.009 

0.767 

t 

0.016 

213 



167.3 

t 3.1 

3 

Jup 

Mars 

1980 

Feo 

21 

CH3 

1 .090 t 0 .040 

0.690 

t 0.049 , 

0.752 

¥ 

0.060 

213.5 



164.9 

t 11.7 

i 

Jup 

.Mars 

1980 

Feo 

22 

CH3 

1.036 t 0.050 

(0.707 

t 0.019) f 

0.732 

t 

0.040 

213.5 



161.0 

t 7.3 


gUp 





CH3 










165 .5 

t 2.5^ 


juo 

Mars 

1980 

Feb 

21 

CH4 

0.832 t 0.004 

0.690 

t 0.049 , 

0.574 

¥ 

0.041 

213.5 



128.9 

t 3.1 

6 

Jup 

Mars 

1980 

Feo 

22 

CH4 

0.870 t 0.030 

(0.707 

* 0 .019) ' 

0.615 


0.027 

213.5 



137 1 

t 5.4 


Juo 





CH4 










134.5 

t 4.53 

7 

j JO 

Mars 

1979 

Nov 

27 

N04 

0.942 t 0.019 

0.710 

i 0.009 

0.669 

* 

0.016 

213 



146.9 

i 3.2 

4 

Jup 

Mars 

i979 

nov 

28 

NQ4 

0.980 t 0.010 

0 .70S 

t 0.009 

0.691 

t 

0.011 

213 



151.3 

i 2 2 


Jup 





N04 










149.9 

i 2.63 

3 

Jup 

Mars 

1979 

Nov 

27 

CHS 

1.090 t 0.013 

0.710 

t 0.009 

0.774 

± 

0.013 

213 



167 .2 

t 2.6 

10 

Jup 

Mars 

1979 

NOV 

28 

CH5 

1 .105 t 0 .030 

0.705 

t 0.009 

0.779 

t 

0.023 

213 



163 2 

t 4.7 

11 

Jup 

Mars 

1980 

Feb 

21 

CHS 

1.053 t 0.029 

0.690 

t 0.049 , 

0.727 


0.055 

213.5 



158.1 

* 11.1 

12 

Jup 

Mars 

1980 

Feb 

22 

CH5 

1.096 t 0.040 

(0.707 

t 0.019) f 

0.775 

t 

0.035 

213.5 



167.3 

t 7.1 


Jup 





CHS 










167.1 

* 2.13 

13 

Sat 

Mars 

1979 

Nov 

27 

CH3 

0.924 t 0.007 

0.525 

t 0.006 

0.485 

¥ 

0.007 

213 



112.9 

i 1.4 

14 

Sat 

Mars 

1979 

Nov 

28 

CH3 

0.931 t 0.003 

0.526 

t 0.009 

0.490 

t 

0.009 

213 



113.9 

t 1.3 

15 

Sat 

Mars 

1980 

c eb 

21 

CH3 

0.897 t 0.027 

0.471 

t 0.037 

0.422 

t 

0.036 

213.5 



IOC z 

t 7.1 

15 

Sat 

Mars 

1980 

Feo 

22 

CH3 

0.915 t 0.30 

(0 .524 

t 0.015) " 

0.479 

t 

0.021 

213.5 



112.0 

*4.1 


Sat 





CH3 
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t 0.006 
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1 0.006 
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0.372 
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a F t 1 ter y is CH2 in every case. 

D S( ax ) / SI ay ) * ratio of signal from planet a with filter x (column 4) to signal ‘rom planet a with filter y (CH2), etc. 
The signal ratios have Deen corrected to 1 urn 1 ine-of-Sight water vapor for filters CH2, CH3, CH4 , N04, ana CHS, ana to 
pmm 1 ine-of-signt water vapor for MP2 . The corresponding wavelengths are 414, 353, 450, 517, 664(lmm), and 93d(Smm) . 

c B(ay) * brightness of planet a with filter y, etc. The values of the brightness ratios are taken from Table II 
column (14) using data from the same dates except as otherwise noted (footnote f) 

a Co 1 uinn (5) times column (6). 

e Assumed brightness temperature of planet b, filter x based on Uright's model (see Section III of text), where planet b 
is Mars, and on the results shown in Table V, where planet b is Jupiter. 

Average of earlier data on B(ay)/B(by) for same planets with error multiplied by 3. (No direct measurement of 
8(ay)/B(0y) on February 22.) 

y A/erage of values for same planet and filter. 
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*7he errors In the least significant digits are shown in cases vhert repeated aeasuraaents pern tied statistical error 
analysis 
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Uranus, and 3 St for Neptune 
*Twj observations of planet a averaged 
•Tv* observations of planet b averaged. 
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BRIGHTNESS TEMPERATURES* 

(Summary of Data from Tables II, III, and IV) 
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± 

2.5 

353 

112.9 

± 

1.1 

353 

62.4 

± 

2.3 

353 

63.3 ± 

2.5 

16 

414 

155 .3 

i 

1.3 

414 

119.2 

i 

1.2 

414 

70.1 

± 

1.3 

414 

67.9 ± 

1.2 

17 

450 

135 

± 

5 

450 

112.3 

± 

3.2 

450 

73 

+ 

5 

450 

68 + 

8 

18 

517 

149 .9 

t 

2.6 

517 

122 .2 

t 

1.1 








19 

664 

167 .1 

± 

2.1 

664 

137 

± 

4 

664 

88 

+ 

6 

664 

76 ± 

9 

20 

968 

175 

± 

10 

968 

134.5 

t 

3.2 

968 

94 .5 

t 

2.3 

968 

103 i 

7 


a None of the errors shown in this table includes the uncertainty in the Mars calibration. 

Errors for IRTF data (lines 13-18) are computed as specified in Appendix D. Errors shown for 

KAO data (lines 1-12) are standard deviations of two or more measurements from Table IV where 
the effective wavelengths fall within a range of 2 j/n. (See footnotes b and c concerning 
weighting.) The mean of the 19 errors for KAO data is 1.5 K (see discussion in text). 

b Average of data for bandpass and low pass filters with values of x e ff within 2 i>n. Bandpass 
measurements are given twice the weight of low pass measurements. 

c Average of data for 33" and 49" apertures (x e ff within 2 i/n) . To allow for possible guiding 

errors the 33" measurements are given half the weight of 49" measurements. 
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TABLE VI 


Effective temperature T e and ratios, E/A, of 
emitted to absorbed energy with assumed Bond Albedos 


Planet 

T a 
‘e 

E/A a 

Bond Albedo 

reference 

Jupiter 

126.8 ± 44K 

1 .8 ± 0.3 

0.343 ± 0.032 

Hanel et al , 1981 

Saturn 

934 ± 3 3K 

1.7 ± 0.3 

0.342 ± 0 030 

Hanel et al , 1983 

Uranus 

58.3 * 2 OK 

1.2 * 0.2 

0.393 ± 0 037 

Lockwood et al , 1 983 

Neptune 

60.3 ± 2 OK 

2.8 ± 04 

0 29 

see text 


a Errors reflect an assumed 1 absolute calibration error in flux. 
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Filter Transmission 



Wavelength (mm) 


Fig. 1 
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Fig. 12 
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PRESSURE (BAR 



T 0 (K) 

Fig. 13 
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120 



Fig. 14 
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PRESSURE (BAR) 



Fig. 15 


( 




Fig. 16 
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ASSUMED PLANETARY RADII ( 1-bar ) a 


Planet 

Eauatorial Radius 

El 1 ipticity b 

Pole Inclination 


R ec 


min max 


(km) 



Mars 
Jupiter 
Satu rn 
Uranus 
..Neptune 

3397 
71495 
• 60233 

25563 
24760- 

0.006 
0.065 
0.096 
0.024 ■ 

0.021 

111° - 115° 
87° - 89° 
88° - 92° 
19° - 27° 
65° - 71° 


a Sea Section III for references. •• 

b.e* (R eq - R p )/ R eq where R eq and R P are the e " ua ' t0nal 
and polar radii. . 

c Range of angles between the planet pole and the line ot 

sight during the observation. 



TABLE II 

JOURNAL OF OBSERVATIONS: BROADBAND DATA 


(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (lb) (16) 


Line 

Planet 


Date 

Filter 

£.0, 

.s. 

Zenith 

A a 

Signal 

ratio 

Semi 

_ 

Finite 

disk 

Brightness 



Planet 











h 2 o 

h 2 o 




diameter” 

correction*- 

ratio* 1 

temperature 




a 

b 





w(a) 

w(b) 



S(a)/S(b) 

4(a) 

4(a) 

0(a) 

0(b) 

B(a)/B(b) 

T(b) e 




T(a)' 





(UT) 


(mm) 

(mm) 

(mm) 

(pm) 




(arc 

sec) 




(K) 





(K) 

1 

Jup 

Mars 

1979 

Nov 

27 

CH2 

1.1 

1.2 

1.0 

418 

14.23 

i 

0.18 

17.78 

3.66 

1.185 

1.006 

0.710 1 0.009 

213 



155.9 

i 

1.8 

2 

Jup 

Mars 

1979 

Nov 

28 

CH2 

1.4 

1.4 

1.2 

428 

13.97 

1 

0.17 

17.83 

3.69 

1.186 

1.006 

0.705 i 0.009 

213 



154.8 

i 

1.8 

3 

Jup 

Mars 

1980 

Feb 

21 

CH2 

0.9 

0.9 

0.7 

411 

5.36 

1 

0.38 

21.64 

6.86 

1.306 

1.020 

0.690 i 0.049 

213.5 



152.4 


9.7 


Jup 





CH2 
















155.3 

t 

1.39 

4 

Jup 

Mars 

1980 

May 

23 

MP2 

4.5 

4.4 

2.7 

952 

19.34 

i 

1.82 

17.89 

3.89 

1.030 

1.000 

0.942 i 0.089 

199 



187.9 

t 

17.1 

5 

Jup 

Mars 

1980 

May 

25 

MP2 

5.9 

5.9 

4.5 

992 

17.82 

1 

1.16 

17.79 

3.83 

1.029 

1.000 

0.850 t 0.056 

199 



170.2 

i_ 

10.7 


Jup 





MP2 
















175.1 

i 

10. oy 

6 

Sat 

Mars 

1979 

Nov 

27 

CH2 

1.2 

1.2 

1.0 

421 

2.52 

t 

0.03 

8.12 

3.66 

1.032 

1.006 

0.525 t 0.006 

213 



119.4 

t 

1.2 

7 

Sat 

Mars 

1979 

Nov 

28 

CH2 

1.4 

1.4 

1.2 

428 

2.50 

i 

0.04 

8.13 

3.69 

1.031 

1.009 

0.526 i 0.009 

213 



119.5 

t 

1.8 

8 

Sat 

Mars 

1980 

Feb 

21 

CH2 

0.8 

0.9 

0.7 

410 

0.843 

1 

0.065 

9.27 

6.86 

1.042 

1.020 

0.471 i 0.037 

213.5 



109.1 

i_ 

7.3 


Sat 





CH2 
















119.2 

t 

"T.29 

9 

Sat 

Mars 

1980 

May 

23 

MP2 

3.4 

4.4 

2.7 

936 

3.33 

1 

0.17 

8.68 

3.89 

1.006 

1.000 

0.673 t 0.035 

199 



136.4 

i 

6.7 

1U 

Sat 

Mars 

1980 

May 

25 

MP2 

5.4 

5.9 

4.5 

986 

3.35 

1 

0.10 

8.65 

3.83 

1.007 

1.000 

0.661 t 0.019 

199 



133.9 

+ 

3.6 

o 

Sat 




MP2 
















134'. 5 

T 

3.29 

11 

Ur 

Jup 

1981 

Mar 

1 

CH2 

0.4 

0.4 

0.3 

394 

(4.047 

i 

0.062) 10' 3 

1.89 

20.93 

1.000 

1.280 

0.388 i 0.006 

155.3 

i 

1.3 

70.1 

i 

1.3 

12 

Ur 

Mars 

1980 

May 

23 

MP2 

3.5 

4.4 

2.7 

937 

0,130 

i 

0.020 

1.98 

3.89 

1.000 

1.000 

0.502 1 0.077 

199 



103.6 

t 

14.8 

13 

Ur 

Sat 

1980 

May 

24 

MP2 

6.8 

8.5 

5.3 

1020 

0.038 

i 

0.002 

1.98 

8.66 

1.000 

1.007 

0.722 t 0.038 

134.5 

t 

3.2 

99.0 

t 

5.3 

14 

Ur 

Mars 

1980 

May 

25 

MP2 

6.3 

5.9 

4.5 

997 

0.129 

t 

0.011 

1.98 

3.83 

1.000 

1.000 

0.483 i 0.041 

199 



99.7 

t 

7.9 

15 

Ur 

Mars 

1980 

Jul 

28 

MP2 

8.4 

8.4 

6.4 

1012 

0.209 

i 

0.007 

1.91 

2.76 

1.000 

1,000 

0.436 ± 0.014 

203 



92.4 

X 

2.7 























94.5 

1 

2.‘39 

16 

Nept 

Jup 

1981 

Mar 

1 

CH2 

0.4 

0.4 

0.3 

394 

(1.340 

± 

0.023)10‘ 3 

1.11 

20.93 

1.000 

1.280 

0.372 t 0.006 

155.3 

1 

1.3 

67.9 

± 

1.2 

17 

Nept 

Ur 

1980 

Jul 

27 

MP2 

5.8 

6.2 

4.3 

995 

0.352 

t 

0.050 

1,15 

1.91 

1.000 

1.000 

0.971 1 0.138 

98.5 

t 

2.3 

92.0 

t 

12.1 

18 

Nept 

Ma rs 

1980 

Jul 

28 

MP2 

9.0 

8.4 

6.4 

1015 

0.086 

f 

0.008 

1.14 

2.76 

1.000 

1.000 

0.504 + 0.047 

203 



105.7 

♦ 

9.2 

19 

Nept 

Mars 

1980 

Jul 

31 

MP2 

6.6 

5.8 

4.4 

1000 

0.112 

i 

0.023 

1.14 

2.73 

1.000 

1.000 

0.642 t 0.133 

203.5 



133.1 


26.1 


Nept 





MP2 
















103.0 

t 

' 7.29 


a jwavelength corresponding to effective frequency as given in equation (2) of text, for water vapor * ^ [w(a) + w(b)]. See footnote f. 
h {Based on assumed radii shown in Table IV. 
c ;From Figure 2; see section Ha. , 

1 B(a)/B(b) » (S(a)/S(b)][*(b)/*(a)]^[D(a)/D(b)]. 

®{Mars temperatures based on Wright's model (1980) assuming no wavelength dependence for A > 350 pm. Other temperatures from Table V. 

' jFor filters CH2 and MP2, T(a) is insensitive to A (column 8) and hence to w(a) and w(b) (columns 5 and 6). 

^Average of values for same planet and filter. 



JA3LE III 

JOURNAL OF OBSERVATIONS: NARROWER BAND OATA 



(1) 

(2) 

(3) 


(4) 


(5) 

(6) 


(7) 

(3) 



(9) 


?! anet 

Date 


Filters 4 

S( ax)/S( av) 3 
S(cxj/s;oy) 

B( ay)/ B( by) c 

S(ax)/3(bx) d 

T(bx)' 

e 


T(ax) 


a 

D 

(UT) 


X 


s 

t 


s.t 

00 



00 

i 

Jup 

Mars 

1979 Nov 

27 

CH3 

1.025 

d 0.040 

0.710 t 0.009 

0.727 

d 0.030 

213 



160.0 d 5.3 

2 

Jup 

•Mars 

1979 Nov 

23 

CH3 

1.088 

i 0.018 

0.705 * 0.009 

0.767 

d 0.016 

213 



167.3 d 3.1 

3 

Jup 

Mars 

1980 Feo 

21 

CH3 

1.090 

d 0.040 

0.590 d 0 .049 , 

0.752 

d 0.060 

213.5 



164.9 * U.7 

X • 

Jup 

Mars 

1980 Feo 

22 

CH3 

1.036 

t 0.050 

(0 .707 t 0 .019) ' 

0.732 

d 0.040 

213.5 



161.0 d 7.3 


Jup 




CH3 









165 3 d 2.5* 

i 

Juo 

Mars 

1980 Feo 

21 

014 

0.332 

+ 0.004 

0.590 t 0.049 , 
(0.707 * 0 .019) ' 

0.574.* 0.Q41 

213.5 



128.9 t 8.1 

6 

Jup 

Mars 

1980 Feo 

22 

CH4 

0.870 

t 0.030 

0.515 

d 0.027 

213.5 



137.1 * 5.4 


Juo 




014 









134.5 d 4.5* 

7 

Juo 

Mars 

1979 Nov 

27 

N04 

0.942 

i 0.019 

0 .710 t 0 .009 

0.569 

d 0.016 

213 



146.3 d 3.2 

3 

Jup 

Mars 

1979 'Nov 

23 

N04 

0.980 

d 0.010 

0.705 t 0 .009 

0 .591 

d 0.011 

213 



151 .3 d 2.2 


Jup 




NQ4 









149.9 d 2.6* 

9 

Jup 

Mars 

1979 Nov 

27 

015 

1.090 

t 0.013 

0.710 d 0.009 

0.774 

d 0.013 

213 



167.2 d 2.5 

10 

Juo 

Mars 

1979 Nov 

28 

015 

1.105 

t 0.030 

0 .705 t 0.009 

0.779 

d 0.023 

213 



168.2 d 4.7 

11 

Jup 

Mars 

1980 Feb 

21 

015 

1.053 

d 0.029 

0.590 t 0.049 , 

0.727 

t 0.055 

213.5 



153.1 d 11.1 

12 

Jup 

Mars 

1980 Feo 

22 

015 

1.096 

d 0.040 

(0.707 t 0 .019) ' 

0.775 

t 0.035 

213.5 



167 3 d 7.1 


Jup 




015 









167.1 d 2.1* 

13 

Sat 

Mars 

1979 Nov 

27 

013 

0.924 

t 0.007 

0.525 t 0.006 

0.485 

d 0.007 

213 



112.9 d 1.4 

14 

Sat 

Mars 

1979 Nov 

28 

013 

0.931 

t 0.003 

0.525 t 0.009 

0.490 

t 0.009 

213 



113.9 d 1.8 

15 

Sat 

Mars 

1980 Feo 

21 

013 

0 .397 

t 0 .027 

0.471 t 0.037 

0.422 

d 0.036 

213.5 



IOC 3 d 7.1 

Lo 

Sat 

Mars 

1980 Feo 

22 

013 

0.915 

d 0.30 

(0 .524 t 0.015) f 

0.479 

d 0.021 

213.5 



112.0 d 4.1 


Sat 




CH3 









112 3 d 1.1* 

17 

Sat 

Mars 

1980 Feb 

21 

014 

0.970 

t 0.008 

0.471 t 0.037 „ 

0.457 

d 0.026 

213.5 



105.6 d 7.1 

13 

Sat 

Mars 

1980 Feo 

22 

014 

0.953 

t 0.020 

(0.524 i 0 .015) ' 

0.499 

d 0.018 

213.5 



114.0 d 3.5 


Sat 




014 









112.3 d 3.2* 

19 

Sat 

Mars 

1979 Nov 

27 

N04 

1.020 

t 0.007 

0.525 d 0.006 

0.536 

d 0.007 

213 



120 3 d 1.4 

20 

Sat 

Mars 

1979 Nov 

23 

N04 

1.043 

t 0.005 

0.526 t 0.009 

0.549 

d 0.010 

213 



122.9 + 2.0 


Sat 




NQ4 









122 3 d 1.1* 

21 

Sat 

Mars 

1979 Nov 

27 

015 

1.160 

t 0.017 

0 .525 t 0.006 

0.609 

d 0.011 

213 



133.3 d 2.2 

22 

Sat 

Mars 

1979 Nov 

28 

015 

1.317 

d 0.029 

0.526 t 0.009 

0.693 

d 0.019 

213 



150 3 d 3.9 

23 

Sat 

Mars 

1980 Feo 

21 

015 

1.204 

t 0.016 

0.471 t 0.037 

0.557 

d 0.045 

213.5 



125.5 d 9.1 

24 

Sat 

Mars 

1980 Feo 

22 

015 

1.174 

t 0.030 

(0 .524 t 0 .015) ' 

0.515 

d 0.024 

213.5 



135.3 d 4.9 


Sat 




015 









137.1 + 4.1* 

25 

Ur 

Juo 

1931 Mar 

1 

013 

0.730 

t 0.034 

0.333 d 0.006 

0.203 

d 0.014 

165 .5 

* 

2.6 

62.4 d 2.3 

Zo 

Ur 

Jup 

1931 -Mar 

l 

014 

1.259 

t 0.083 

0.383 d 0.006 

0.439 

s 0.033 

134 .5 

t 

X .5 

73 .1 d 4.5 

27 

Jr 

Juo 

1981 Mar 

1 

CHS 

1 .276 

d 0.101 

0.283 d 0.006 

0.495 

d 0.040 

167.1 

d 

2.: 

87.9 d 5.4 

23 

Nep 

Jup 

1981 Mar 

1 

013 

0.330 

t 0.042 

0.372 * 0.006 

0.209 

d 0.015 

165 .5 

t 

2.5 

63.3 d 2.5 

2u 

?<eo 

Juo 

1981 Mar 

1 

CH4 

1.191 

d 0.178 

0.372 d 0.006 

0 .443 

t 0 .067 

134.5 

d 

4.5 

57.5 c 3.4 

30 

Nep 

Jup 

1981 -Mar 

1 

015 

1.123 

d 0.151 

0.372 * 0.006 

0.420 

d 0.057 

167.1 

i 

2.1 

76.1 d 9.0 


4 Filter y is CH2 in every case. 

3 S(ax)/S(ay) * ratio of signal from planet a with filter x (column 4) to signal from planet a with filter y (CM2), etc. 

The signal ratios nave oeen correcteo to l mm 1 ine-of-signt water vapor for filters CH2, CH3, CH4 , N04, ana C-i5, ana to 

sinm 1 ine-of-signt water vapor for MP2 . The corresponoing -wavelengths are 414, 353 . 450 , 517 , 664('.mm), anc 933(5mm) . 

c 8(ay) « Drigntness of planet a with filter y, etc. The values of the brightness ratios are taxen from Taole II 
column (14) using aata from the same dates except as otherwise notea (footnote f) . 

c Column (5) times column (6). 

e Assumeo brightness temperature of planet h, filter x based on Wright's model (see Section III of text), wnere planet b 

is Mars, and on the results Shown in Table V, where planet b is Jupiter. 

'Average of earlier sata on 3( ay ) / 3( by) 'or same planets with error multiplied by 3. (No direct measurement of 
S(ay)/B(dy) on Feoruary 22.) ^ 

-Average of values for same planet and filter. 


wu n 

JOUAMAl Of NKMATlOKS: AIRBfttt BATA 


(1) (2> (3) (4) {5) (6) (7) (I) (9) (10) (11) (12) (13) (14) 


Line Planet 

Date 

Filter 

(Aperture) 

iJJ.S 

*2°* 

Signal 

«4III P 


Sami- 

diameter 

Finite DHk 
correction 

i 

Flue 

Density 

Planet 

Tmap . c 


a 

b 

(UT) 


w(a) 

(v») 

w(b) 

(*) 



a(a) 

(arc 

4(b) 

*•<) 

0(a) 

0(b) 

(*) 

(Jy) 

&> 

1 

Jup 

Mrs 

1980 

*7 2 

61-1(73) 

6.3 

6.2 

4.31 


19 33 

4.54 

1.097 

1.005 

38.7 

1210000 

134.0 

2 

Jup 

Mrs 

My 

2 

B-2UJ) 

6 J 

6.1 

6.69 


19 33 

4.54 

1397 

1.005 

55.1 

1130000 

138.5 

3 

Jup 

Mrs 

My 

2 

61-3(73), 

5 A 

6.7 

7 33 


19.03 

4.54 

1.097 

1.005 

62 .6 

074000 

129 .0 

4 

Jup 

Mrs 

My 

2 

0-4(73)! 

61-S(73) T 

5 JJ 

5.4 

8.03 


19 33 

4.54 

1397 

1.005 

109 .4 

471000 

131.5 

5 

Jup 

Mrs 

My 

2 

5.9 

5.2 

8.77 


19.03 

4.54 

1397 

1.005 

168 .2 

211000 

118.8 

6 

Jup 

Mrs 

My 

2 

Si - 1 SO ( 127) 

6.3 

6 3 

8.92 


19.03 

4.54 

1.031 

1.002 

135 .4 

330000 

128.1 

7 

Jup 

Mrs 

My 

2 

SI - 200 ( 127 ) 

54 

53 

9.27 


19.03 

4.54 

1.031 

1.002 

167 .4 

210000 

117 .9 

8 

Jup 

Mrs 

My 

2 

SI -ISO L( 127) 

7.3 

73 

9.97 


19 33 

4.54 

1331 

1.002 

204 3 

178000 

132 .7 

9 

Jup 

Mrs 

My 

2 

51-250(127) 

6.5 

5.2 

10.05 


19 33 

4.54 

1331 

1.002 

221.8 

156000 

133.6 

10 

Jup 

Mrs 

My 

2 

SI -250 L( 127) 

6.9 

63 

10.41 


19 33 

4.54 

1331 

1.002 

328 3 

83900 

143.7 

11 

Sat 

Mrs 

Jan 

16 

61-1(49) 

9.1 

6.7 

0.202 


8 33 

5.51 

1.046 

1318 

40.2 

98500 

99.4 

12 

Sat 

Mrs 

Jtn 

16 

61-2(49) 

9.1 

6.9 

0.442 


8 33 

5.51 

1.046 

1318 

56 .1 

113000 

101 .8 

13 

Sat 

Mrs 

Jan 

16 

0-3(49). 

9.0 

7.6 

0.513 


8 33 

5.51 

1.046 

1318 

64 .9 

112000 

103 .9 

14 

Sat 

Mrs 

Jan 

16 

0-4(«5)P 

9 J 

73 

0.606 


8 33 

5.51 

1.046 

1.018 

102 3 

68000 

99.3 

lb 

Sat 

Mrs 

Jtn 

16 

0-5H9I 5 

9.0 

7.5 

0.732 


8 33 

5.51 

1.046 

1318 

148 3 

42500 

99.9 

16 

Sat 

Mrs 

Jan 

16 

Si - 1 00 ( 127) 

9 J 

63 

0 .668 


8 33 

5.51 

1.007 

1.003 

99.4 

67800 

97 .3 

17 

Sat 

Mrs 

Jan 

16 

51-150(127) 

9 4) 

6.6 

0.771 


8 33 

5.51 

1.007 

1.003 

135.5 

46600 

97 .6 

18 

Sat 

Mrs 

Jan 

16 

Sl-200{ 127) 

9.3 

6.9 

0 338 


833 

5.51 

1.007 

1.003 

168.1 

33500 

96.1 

19 

Sat 

Mrs 

Jan 

16 

SI - 1 50 L( 127) 

9.0 

6.9 

0.903 


8.83 

5.51 

1.007 

1.003 

205 .2 

25300 

98.1 

20 

Sat 

Mrs 

Jan 

16 

S1-250L(127) 

9 4) 

6.3 

1.033 


8 33 

5.51 

1.007 

1.003 

3313 

12900 

109.9 

21 

Sat 

Mrs 

My 

2 

61-1(73) 

7.8 

6.2 

0.320 


8.96 

4.54 

1321 

1.005 

40.2 

91700 

96.8 

22 

Sat 

Mrs 

My 

2 

61-2(73) 

7.6 

6.1 

0.728 


8.96 

4.54 

1321 

1.005 

56.2 

112000 

100.3 

23 

Sat 

Mrs 

My 

2 

0*3(73) 

7.5 

6.7 

0370 


8.96 

4.54 

1321 

1.005 

65 .9 

113000 

103.6 

24 

Sat 

Mrs 

My 

2 

0-4(73)! 

8.4 

5.4 

130 


8.96 

4.54 

1.021 

1.005 

1103 

66800 

101 .7 

2b 

Sat 

Mrs 

My 

2 

61-5(73)* 

8.1 

5.2 

1.38 


8.96 

4.54 

1.021 

1.005 

169 .3 

35100 

98.1 

26 

Sat 

Mrs 

My 

2 

$1-150(127) 

8.5 

6.3 

1.29 


8.96 

4.54 

1.007 

1.002 

135.5 

49900 

100.0 

27 

Sat 

Mrs 

My 

2 

51-200(127) 

8.7 

53 

1.32 


8.96 

4.54 

1.007 

1302 

168.1 

33600 

94.6 

28 

Sat 

Mrs 

My 

2 

51-1501(127) 

9.3 

73 

1.44 


8.96 

4.54 

1307 

1302 

205 3 

25400 

96.3 

29 

Sat 

Mrs 

My 

2 

51-250(127) 

8.3 

5.7 

1.48 


8.96 

4.54 

1307 

1.002 

222 .2 

21600 

94.1 

30 

Sat 

Mrs 

My 

2 

S1-250K 127) 

8 .8 

63 

1.72 


8.96 

4.54 

1307 

1.002 

3313 

12900 

106.9 

31 

Sat 

Mrs 

My 

13 

0-1(73) 

9.3 

8.1 

0.361 


831 

4.17 

1.020 

1.005 

40.2 

86800 

96.2 

32 

Sat 

Mrs 

My 

13 

0-2(73), 

8.9 

83 

0 340 


8 31 

4.17 

1.020 

1305 

56.2 

105000 

99.* 

33 

Sat 

Mrs 

My 

13 

61-4(73)1 

9.4 

8.4 

1.50 


831 

4.17 

1.020 

1.005 

no .9 

67200 

104.0 

34 

Sat 

Mrs 

My 

13 

0-5(73) f 

9 J> 

83 

1.75 


8 31 

4.17 

1.020 

1.005 

169 .7 

36600 

103 .4 

3b 

Ur 

Sat 

My 

7 

0-1(49) 

1141 

11.7 

0.00477 t 20 

1.98 

8.90 

1.002 

1346 

42 3 

536 

59.9 

36 

Ur 

Sat 

My 

7 

0-2(49) 

10.4 

11.7 

030868 

t o 

1.98 

8.90 

1.002 

1.046 

57 .7 

924 

59 .6 

37 

Ur 

Sat 

My 

7 

0-3(49), 

11.4 

11.7 

0.0121 

t 2 

1.98 

8.90 

1302 

1.046 

74.0 

1167 

60.2 

38 

Ur 

Sat 

My 

7 

0-4(49)! 

0-5(49)* 

114) 

12.1 

0.0184 

t 2 

1.98 

8.90 

1.002 

1346 

115.1 

1075 

60.1 

39 

Ur 

Sat 

My 

7 

114) 

12.1 

03230 

t 3 

1.98 

8.90 

1.002 

1346 

166.7 

973 

60.9 

40 

Ur 

Sat 

My 

7 

SI - 150 ( 127) 

11.1 

12 3 

0.0198 

t 9 

1.98 

8.90 

1.000 

1.007 

136.9 

915 

59.3 

41 

Ur 

Sat 

My 

7 

SI-2001127) 

10.7 

12.3 

03219 

1 9 

1.98 

8.90 

1.000 

1307 

172.5 

723 

59.2 

42 

Ur 

Sat 

My 

7 

51-1501(127) 

10 A 

123 

0 3244 

* 6 

1.98 

8.90 

1.000 

1.007 

2113 

594 

61.2 

43 

Ur 

Sat 

My 

7 

51-250(127) 

10.7 

12.3 

0 3260 

t 8 

1 .98 

8.90 

1.000 

1.007 

224.1 

568 

62.4 

44 

Ur 

Sat 

My 

7 

51-2501(127) 

11.4 

123 

0.0262 

t 18 

1.98 

8.90 

1.000 

1.007 

329.7 

324 

63.5 

4b 

< 

Mrs* 

1982 

My 18 

62-1(49) 

11.7 

13.0 

9.38 . 

10 ~i 

1.97 

5.93 

1.000 

1320 

42 3 

583 

60 JS 

46 


Mrs* 

My 

18 

0-2(49) 

11 .8 

133 

3.59 « 

l0 1 

lo-J 

1.97 

5.93 

1.000 

1.020 

57 .7 

934 

59.5 

47 

ur d 

Mrs* 

My 

18 

0-4(49)5 

113 

123 

9.56 « 

1.97 

5.93 

1.000 

1.020 

115.2 

990 

58.4 

48 


Mrs* 

My 

18 

0-5(49)5 

12 4) 

12 3 

131 « 

io i 

1.97 

5.93 

1.000 

1.020 

166 3 

803 

61.7 

49 

Ur“ 

Mrs* 

My 

18 

0-8(49), 

113 

143 

1.04 . 

i°- 

1.97 

5.93 

1.000 

1.020 

1013 

1062 

58.6 

SO 

Ur 

Mrs 

My 

18 

0-4(49)1 

12 3 

13.9 

135 . 

10-2 

1.97 

5.93 

1300 

1320 

115 3 

87B 

55.7 

si 

Ur 

Mrs 

My 

18 

0-5(49 )" 

12 3 

133 

1.74 « 

io~\ 

1.97 

5.93 

1.000 

1320 

168.8 

733 

59.2 

62 

Ur 

Mrs 

My 

18 

0-1(33) 

11 3 

12 JO 

132 - 

10'\ 

1 .97 

5. *3 

1 .005 

1343 

42 3 

625 

61.7 

S3 

Ur 

Mr* 

My 

18 

0-2(33) 

11.7 

11.9 

3.72 « 

10' 3 

1.97 

5.93 

1305 

1343 

57 3 

958 

60 J. 

54 

K 

Mrs 

Aug 

29 

0-1(49) 

14 3 

15 3 

2.71 . 

10’ 3 

136 

330 

1300 

1306 

42 3 

494 

60.4 

55 

Ur d 

Mrs 

Aug 

29 

0-2(49) 

143 

153 

9.69 m 

10- 3 

136 

3.20 

1.000 

1306 

57 .7 

740 

58.3 

56 

Ur 

Mrs 

Aug 

29 

0-6(49) 

14 3 

15 3 

2 32 > 

10" 2 

136 

330 

1.000 

1306 

1013 

789 

54 A 

57 

Ur 

Mr* 

Sep 

2 

0-1(49) 

12 3 

12 3 

2.45 . 

10- 3 

136 

3.15 

1300 

1305 

42 3 

437 

59.1 

58 

UT 

Mrs 

Sep 

2 

0-2(49) 

12 3 

12 3 

9 35 . 

10- 
10 y 

136 

3.15 

1.000 

1305 

57 3 

742 

58.3 

59 

Ur 

Mrs 

Sep 

2 

0-4(49)5 

12 3 

123 

2.44 . 

136 

3.15 

1300 

1305 

115.2 

719 

53.7 

60 

Ur 

Mrs 

Sep 

2 

0-5(49)5 

12 3 

12 3 

4 32 > 

lO"*- 

136 

3.15 

1300 

1.005 

166 3 

588 

55.7 

61 

MpJ 

Ur 

My 

16 

0-1(49) 

7 

7 

0.408 t 

34 

1.15 

1.97 

1.000 

1300 

413 

184 

60 J 

62 


Ur 

My 

16 

0-2(49) 

7 

7 

0.369 t 

8 

1.15 

1.97 

1 .000 

1300 

58.1 

347 

6i ja 

63 


Ur* 

My 

16 

0-4(49)" 

7 

7 

0.378 t 

8 

1.15 

1.97 

1.000 

1300 

113.3 

361 

59 J) 

64 

*p5 

Ur* 

May 

16 

0-5(49)" 

7 

7 

0 355 t 

13 

1.15 

1.97 

1 300 

1.000 

164.7 

267 

60.4 

65 

»p. 

Ur* 

My 

16 

0-6(49) 

7 

7 

0.402 

15 

1.15 

1.97 

1300 

1300 

101 .1 

399 

60.8 

66 


Ur 

My 

16 

0-1(33) 

7 

7 

0 375 t 

22 

1.15 

1.97 

1.000 

1.000 

413 

168 

59 Jl 

67 

Mp 

Ur 

My 

16 

0-2(33) 

7 

7 

0.366 t 

9 

1.15 

1.97 

1300 

1.000 

58.2 

345 

60.9 

68 

MP 

Ur 

My 

16 

0-6(33) 

7 

7 

0.384 t 

17 

1.15 

1.97 

1.000 

1300 

99.7 

38Z 

59.7 

69 

*p 

Ur* 

Aug 

29 

0-1(49) 

113 

143 

0.466 


1.14 

1.86 

1.000 

1300 

413 

181 

60.7 

70 

»*P 

Ur* 

Aug 

29 

0-2(49). 

113 

14 3 

0.420 


1.14 

136 

1.000 

1.000 

58 3 

338 

60.9 

71 

Mp 

Ur 

Aug 

29 

0-4(49)5 

113 

14.0 

0.406 


1.14 

136 

1.000 

1300 

1133 

328 

57 .9 

72 


Ur* 

Aug 

29 

0-5(49)5 

113 

143 

0.414 


1.14 

136 

1300 

1.000 

165 .3 

265 

60 .9 

73 


Ur 

Aug 

29 

0-6(49) 

113 

14.0 

0.386 


1.14 

136 

1.000 

1 .000 

101 .0 

324 

56.6 

74 

Ur 

Jup 

1983 

Jun 4 

M1-K73) 

13 3 

12.0 

30177 


1.96 

2139 

1.000 

1.127 

105 .9 

1017 

58.2 

75 

Ur 

Jup 

Jun 

4 

HI — 3( 73) 

13 3 

12 3 

30205 

* 6 

1.96 

21 39 

1.000 

1.127 

137 3 

798 

56.3 

76 

Ur 

Jup 

Jun 

4 

HI -6(73) 

123 

113 

3027C 

t 2 

1.96 

2139 

1.000 

1.127 

191 .1 

618 

58.7 

77 

Ur 

Jup 

Jun 4 

Hl-7(73) 

12 3 

113 

.00272 

t 2 

1.96 

2139 

1.000 

1.127 

190 3 

590 

58.7 


# Ll«e of tight water vapor based on a boreslght radiometer for lines 1 to 44 and on a zenith radiometer and tecant z for 
llnet 4b to 73. On My 16 (lines 61 to 68) the zenith radiometer failed before the planet observations. A typical 
zenith value mis used to estimate the boreslght value. 

" The errors In the least significant digits are shown in cates where repeated measurements permitted statistical error 

analysis. 

c Ve estimate the statistical errors (not Including the errors In the Mrs calibration) at l.SK for Jupiter, Saturn end 
Uranus, and 3.5* for Mptune. 

*Two observations of planet a averaged. 

*Two observations of planet b averaged. 

*The short -wavelength blocking filter was Teflon. 

®For these measurements filters 4 and 5 were used without any Teflon or QF 2 for short-wavelength blocking. 

The data have been corrected taking into account a small measured leak at t 20 . 

"ihe Short -wavelength blocking filter was ttF^. 





TABLE V 


BRIGHTNESS TEMPERATURES 3 
(Summary of Data from Tables II, III, and IV) 


Line Jupiter Saturn Uranus Neptune 



X 

(ym) 

Temp 

(K) 



X 

(ym) 

Temp 

(K) 



X 

(#) 

Temp 

(K) 



X 

(i/n) 

Temp 

(K) 

1 

38.7 

134.0 



40 .2 

97 .5 

± 

1.7 b 

42 .8 

60 .3 

± 

0.7 C 

41.8 

60.6 ± 0.5 C 

2 

55.1 

138 .5 



56 .2 

100 .5 

± 

1.2 b 

57 .7 

59.2 

± 

0.7 C 

58.1 

60.9 ± 0.1 c 

3 

62.6 

129 .0 



65.4 

103.7 

± 

0.2 b 

74.0 

60 .2 



100.8 

58.9 ± 2.1 c 

4 

109 .4 

131.5 



99 .4 

97 .3 



102 .8 

57.2 

± 

2.1 b 

113.4 

58.9 + 1.3 b 

5 

135.4 

128 .1 



102.6 

99 .3 



115.3 

57.0 

± 

2.8 b 

165.0 

60.7 ± 0.4 b 

6 

168 .0 

118.4 

± 

0.6 b 

110.8 

102 .9 

t 

1.6 b 

137 .0 

57 .8 

± 

2.1 b 



7 

204 .0 

132.7 



135 .5 

98 .8 

± 

1.7 b 

167.3 

59 .4 

± 

2.7 b 



8 

221.8 

133 .6 



148 .6 

99.9 



172.5 

59 .2 





9 









191.1 

58 .7 





10 









198 .2 

58 .7 





ll' 

328 .6 

143 .7 



168.6 

97.2 

± 

3.3 b 

211.6 

61.2 





12 





205 .2 

97.2 

i 

1.3 b 

224.1 

62 .4 





13 





222.2 

94.1 



329 .7 

63.5 





14 





331 .6 

108.4 

± 

2.1 b . 







15 

353 

165.5 

± 

2.5 

. 353 

112.9 

± 

1.1 

353 

62.4 

± 

2.3 

353 

63.3 ±2.5 

16 

414 

155 .3 

± 

1.3 

414 

119.2 

± 

1.2 

414 

70.1 

± 

1.3 

414 

67 .9 ± 1 .2 

17 

450 

135 

+ 

5 

450 

112.3 

± 

3.2 

450 

73 

+ 

5 

450 

68 +8 

18 

517 

149 .9 

± 

2.6 

517 

122.2 

± 

1.1 







19 

664 

167.1 

± 

2.1 

664 

137 

± 

4 

664 

88 

± 

6 

664 

76 ±9 

20 

968 

175 

± 

10 

968 

134.5 

t 

3.2 

968 

94.5 

± 

2.3 

968 

103 ± 7 


a None of the errors shown in this table includes the uncertainty in the Mars calibration. 

Errors for IRTF data (lines 13-18) are computed as specified in Appendix D. Errors shown for 

KAO data (lines 1-12) are standard deviations of two or more measurements from Table IV where 
the effective wavelengths fall within a range of 2 ^n. (See footnotes b and c concerning 
weighting.) The mean of the 19 errors for KAO data is 1.5 K (see discussion in text). 

b Average of data for bandpass and low pass filters with values of x e ff within 2 jn. Bandpass 
measurements are given twice the weight of low pass measurements. 

c Average of data for 33" and 49" apertures (x e ff within 2 ym) . To allow for possible guiding 

errors the 33" measurements are given half the weight of 49" measurements. 


73 





1. Report No. 2. Government Accession No. 

NASA TM-88179 

3. Recipient's Catalog No. 

4. Title and Subtitle 

FAR INFRARED AND SUBMILLIMETER BRIGHTNESS 
TEMPERATURES OF THE GIANT PLANETS 

5. Report Date 

November 1985 

6. Performing Organization Code 

7. Author(s) 

R. H. Hildebrand*, R. F. Loewenstein*, D. A. Harper* 
G. S. Orton+, Jocelyn Keene* and S. E. Whitcomb* 

8. Performing Organization Report No. 

86003 

10. Work Unit No. 

9. Performing Organization Name and Address 

*Ames Research Center, Moffett Field, CA 94035 
tJet Propulsion Laboratory, California Institute of 
Technology, 4800 Oak Grove Dr., Pasadena, CA 91109 

11. Contract or Grant No. 

13. Type of Report and Period Covered 

Technical Memorandum 

12. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, DC 20546 

14. Sponsoring Agency Code 

352-02-03 

15. Supplementary Notes 


Preprint Series #33. Supported by NASA grants. 

Point of Contact: L. C. Haughney, Ames Research Center, MS 211-12, 

Moffett Field, CA 94035, (415) 694-5339 or FTS 464-5339 

16. Abstract 


We have measured the brightness temperatures of Jupiter, Saturn, 

Uranus, and Neptune in the range 35- to 1000-pm. The effective temperatures 
derived from the measurements, supplemented by shorter wavelength Voyager 
data for Jupiter and Saturn, are 126.8 ±4.5 K, 93.4 ±3.3 K, 58.3 ±2.0 K, and 
60.3 ±2.0 K, respectively. We discuss the implications of the measurements 
for bolometric output and for atmospheric structure and composition. The 
temperature spectrum of Jupiter shows a strong peak at ~350 pm followed by 
a deep valley at ~450- to 500-pm. Spectra derived from model atmospheres 
qualitatively reproduce these features but do not fit the data closely. 


17. Key Words (Suggested by Author(s)) 

Planets: giant 

Far-infrared: Brightness 

temperatures 

18. Distribution Statement 

Unlimited 

Subject category - 89 

19. Security Classif. (of this report! 

20. Security Classif. (of this page) 

21. No. of Pages 

22. Price' 

Unclassified 

Unclassified 

75 

A04 


"For sale by the National Technical Information Service, Springfield, Virginia 22161 

















End of Document 



